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ABSTRACT 
Despite of the abundance of HCCI (Homogeneous Charged Compression 
Ignition) engine experiments, there are several unknown key characteristics, which are 
difficult to measure with a conventional test engine setup.  First, the cylinder temperature 
distribution is not readily available from test measurements.  Second, the instability and 
misfire mechanisms can not be easily analyzed by engine testing.  Finally, the ability to 
isolate a particular variable is not always practical in testing.  In this thesis, an analytical 
tool is used to explore HCCI combustion under more controlled conditions.  A newly 
available KIVA-MZ model with a novel mapping scheme between CFD cells and 
thermodynamic zones, provides a virtual experimental environment to explore the 
combustion process with respect to various engine operating and design parameters.  
Nine engine operating and design parameters were investigated with respect to 
their effects on ignition timing.  Equivalence ratio (0.2~0.4), EGR (5%, 20%, and 40%), 
Load (7~13 mg/cycle), RPM (750~3750), wall temperature (400K, 450K), swirl (0.93, 
3.93), compression ratio (12.5, 16), piston geometry (bowl, pancake), and crevice volume 
(1%, 4%, and 8%) are those nine parameters.  The effects of these parameters on 
combustion efficiency and burning rate were also investigated with controlled ignition 
timing.  
 Based on the model results of cylinder temperature distribution information, the 
design parameters were found to influence the temperature distribution more than the 
operating parameters did.  The ignition timing is not an independently controlled 
variable; however, the CFD results showed that ignition timing is the single most 
important variable for the whole combustion process.  Besides ignition timing, 
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equivalence ratio and engine speed are the second and third most important variables for 
burning rate.  Fast burning rate normally results in higher combustion efficiency, but the 
peak combustion efficient is mainly determined by the crevice volume. 
In order to the knowledge from the CFD parametric study results, HCCI 
combustion correlations were developed.  These correlations were implemented into GT-
Power, a leading commercial 1D engine simulation software package handing general 
engine system simulation.  This improved GT-Power model is a significant improvement 
over traditional HCCI engine control models with fixed combustion efficiency and 
burning duration.  In marginal engine operating conditions, the new model is able to 






With increasing concern about fuel economy and emissions, the internal 
combustion engine industry is constantly looking for better alternatives to spark ignition 
(SI) and direct injection compression ignition (DICI) engines.  Homogeneous charge 
compression ignition (HCCI) engine is one of the alternatives under extensive research in 
recent years.  It was first identified as a distinct combustion concept by Onishi et al. 
[1979].  The name demonstrates its two essential characteristics. homogeneous mixture 
and compression ignition.  The HCCI concept promises several advantages.  In short, it is 
more efficient than the SI engine, and cleaner than the DICI engine.  Compared with the 
SI engine, higher compression ratio can be used and leaner fuel air mixture can be 
applied on a HCCI engine.  At the same time, compared with the DICI engine, the 
cylinder mixture is more evenly distributed in a HCCI engine, where fuel rich pocket is 
not possible.  Without the soot-inducing fuel rich pockets and NOx-iniducing lean 
regions, the overall result is that the HCCI engine can achieve higher fuel efficiency with 
lower NOx and soot emissions [Christensen et al., 1999]. 
Despite the obvious advantages, the HCCI combustion concept also has its own 
drawbacks.  First, hydrocarbon (HC) emission has been found to be high [Dec and 
Sjonberg, 2003]; second, the power density is low [Risberg et al., 2004]; third, both 
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ignition timing and heat release rate can not be directly controlled; finally, because of the 
lack of control, the transitions between engine operation points are more difficult to 
achieve.  Combustion phasing control is the most important issue for this combustion 
concept.  Unlike the SI engine, which has a spark to initiate the combustion, or a DICI 
engine, which has a fuel injector to control the injection timing, HCCI ignition is 
primarily controlled by the temperature time history of the intake charge. 
Compared with a conventional engine running with the same fuel, HCCI engine 
requires a higher mixture temperature.  In order to have stable HCCI combustion, either 
intake charge heating or residue gas recirculation should be applied to get stable HCCI 
combustion.   Due to the challenges associated with controlling the combustion phasing, 
the use of the HCCI concept has been very limited in production applications.  However, 
there are still several pioneers in this area. 
 
1.1 Review of near-HCCI Production Engine 
Even though HCCI concept is still under study to be broadly applicable to vehicle 
use, there are several production engines that already employ near-HCCI combustion 
mode in the low load range of the operation.  Two applications are based on four stroke 
diesel engine, and another one is based on two stroke gasoline engine. 
1.1.1 Toyota UNIBUS 
Toyota uniform bulky combustion system (UNIBUS) is introduced in 2000 in 
Japanese Market [Hasegawa and Yanagihara, 2003].  The engine is a Toyota 1KD-FTV.  
It is two-staged injection diesel combustion.  The first injection is introduced into 
cylinder in early compression stroke to form premixed mixture and initiate some low 
temperature reaction.  The second injection is released after TDC to trigger the 
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combustion.  Timing and quantity of the first injection has to be precisely controlled 
along with boost pressure to avoid premature auto ignition.  The main enabling control 
technologies are common rail injection system and variable nozzle turbo.  UNIBUS is 
only applied under part load and under rpm of 3000.  Within UNIBUS operation region, 
richer mixture is supplied in the first injection under low load condition to ensure there is 
enough low temperature reaction; while total load is controlled by the second injection. 
1.1.2 Nissan MK 
Nissan modulated kinetics (MK) combustion mode is introduced to market in 
1998 in Nissan YD25DDT engine [Kawamoto et al., 2004].  There is a single injection 
after TDC.  The retarded injection along with high EGR ratio prolongs the ignition delay.  
At the mean time, no-reentrant bowl in combination with high swirl facilitates the 
dispersion of the injected fuel outside of the piston bowl.  Therefore, the mixing time 
scale is shorter than the auto ignition time scale, and HCCI combustion occurs.  MK 
mode achieves first success at low load condition, and engine switches to regular diesel 
operation at high loads.  In the effort to expand the MK operating range, one key 
technical issue is the relationship between injection duration and ignition delay.  In order 
to make the ignition delay longer than the injection duration, high pressure injection, 
reduced compression ratio and EGR gas cooling are applied for second generation of MK 
engine.  Normally, retarded ignition and combustion has lower efficiency, but low 
temperature combustion and low piston head heat transfer mitigate the problem. 
1.1.3 Honda AR 
Honda activated radical (AR) is implemented on a two stroke motorcycle engine 
[Ishibashi and Asai, 1996].  The AR engine operates on dual-mode.  At high load, cool 
start and idle, it operates as a traditional spark ignited engine, and it transits to HCCI type 
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combustion at part load.  The key control device is exhaust throttling, which traps large 
amount of hot residual gas to bring up the mixture temperature.  With the high 
temperature in the cylinder, HCCI combustion can be achieved even with a relatively low 
compression ratio.  The performance map has a “transition region” where the engine can 
operate either in HCCI mode or SI mode.  Fuel economy is significantly improved on 
regular two stroke gasoline engine under real life driving conditions.  A hydrocarbon 
emission is reduced by as far as 50%. 
Despite of some successful production models, there are still many experiments 
going on to better understand the combustion control and to increase the operating range.  
In the following, important HCCI experiments over the years will be reviewed to give 
more insight to this combustion mode. 
 
1.2 Review of HCCI Experiment 
Onishi et al. [1979] first investigated the HCCI combustion on a two-stroke 
engine.  Then Noguchi et al. [1979] also tested it in a two stroke engine. Both of them 
found the low emission and high efficiency characteristics of this type of combustion. 
Following them, numerous experiments [Najt et al. 1983, Thring 1989, Christensen et al. 
1999] have been performed to demonstrate that HCCI has better fuel efficiency and lower 
emission under certain steady state operation condition in a test cell.  Now, more and 
more experiments are aiming at understanding the physics of HCCI combustion, 
including the causes of temperature and composition in-homogeneities; the effect of in-
homogeneities on ignition and burning characteristics; and the relationship between 
control parameters and the resulting in-homogeneities and combustion characteristics.  
Christensen et al. [2002] investigated the effect of in-cylinder flow and turbulence 
on HCCI operation. He applied two different intake swirl ratios and two different 
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combustion chamber designs, and looked at the resulting combustion characteristics. The 
experimental results show that with delayed ignition timing, the burning duration is also 
prolonged. And under early ignition cases, higher turbulence results in higher combustion 
efficiency. This was attributed to the thinner boundary layer created by turbulence.  
Morimoto et al. [2001] studied the effects of cylinder gas in-homogeneity by 
supplying EGR at different intake locations.  Results show that improved charge mixing 
results in slightly later ignition timing, but faster burning.  This experiment tested the 
effect on composition in-homogeneity on combustion characteristics. With improved 
charge mixing, the temperature and composition is more even; while less mixed charge 
has larger stratification, and some pockets have much more favorable conditions for early 
ignition compared to more even mixture conditions. On the burning duration side, the 
more evenly distributed charge has quicker combustion because the better homogeneity 
makes auto-ignition of different parcels in the cylinder to be closer.  
Richter et al. [2000] used PLIF to investigate the inhomogeneity effect on HCCI 
combustion. They confirmed that fuel preparation method does influence the in-cylinder 
homogeneity. Even for very homogeneous charge, the onset of combustion had very large 
local variations which would affect the subsequent combustion, in the sense of spatial 
variation. However, overall, their study did not quantify the level of variations, so real 
effects are not known. 
Au et al. [2001], using a four cylinder HCCI engine, observed the cylinder-to-
cylinder variation. Also, they investigated the effect of EGR fraction on the start of 
combustion and combustion efficiency. They found that EGR has little effect on start of 
combustion and combustion efficiency, while it has some effect on burning duration. 
Note that the EGR applied in their case is external EGR, which is mixed with the fresh 
charge before going through the intake heater. So there is no thermal effect on this 
addition of EGR; the only effect is the dilution and heat capacity effects. 
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Zhao et al. [2001] analyzed the effect of residual gas on HCCI combustion. He 
identified five effects: charge heating, oxygen dilution, heat capacity, chemical, and 
stratification. And he concludes that only charge heating and stratification effects 
advance ignition timing, while dilution and heat capacity effects slow down the burning 
rate. This work is consistent with the previous observations. 
Chang et al. [2004] measured the wall surface temperature and instantaneous heat 
flux on a single cylinder HCCI engine with re-breathing system and proposed universal 
modified Woshini heat transfer model that could be applied to understand unique 
combustion characteristics in HCCI engines.   In their expression for the heat transfer 
coefficient, the effect of the gas velocity term induced by combustion was reduced and 
the effect of in-cylinder gas temperature was emphasized.  They also showed that the 
coolant temperature has a significant effect in determining ignition timing; warmer 
coolant temperature was shown to be favorable to initiate combustion. 
Dec and Sjöberg [2003] investigated the emission and combustion inefficiency 
mechanism under low equivalence ratio condition.  The experiment was conduced on a 
single cylinder research engine with 18:1 compression ratio.  Intake temperature was 
swept to maintain the same combustion phasing when fueling rate was changed.  The 
research results showed that combustion inefficiency is mainly caused by the bulk 
quenching at lean condition, as CO species could contain as much as 65% of the total fuel 
carbon. 
In summary, the absence of a ‘natural’ ignition control mechanism for HCCI 
engines has so far led researchers to explore a range of candidate control strategies using 
a range of experiments on single cylinder research engines, and occasionally on multi-
cylinder development engines.  Either internal or external EGR has been commonly 
applied to control combustion.  The majority of the studies have used fixed valve timing, 
modified for HCCI operation, and have mainly focused on understanding the in-cylinder 
physics and chemistry and the relationship between basic engine design parameters and 
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engine performance during steady state operation [Christensen et al., 1999].   Only a few 
experimental setups have used variable valve timing (VVT) capability [Agrell et al. 
2003], which can potentially enable SI-HCCI-SI transition. 
The studies to date have reported that if EGR is homogeneously mixed with fresh 
charge, it has a thermal effect on the ignition timing, and dilution and heat capacity 
effects on combustion efficiency and burning duration.  If EGR is not homogeneously 
mixed with fresh charge, stratification effects affects all the combustion characteristics.  
Also, turbulence has a limited effect on combustion.  Its main effect appears to be on the 
cylinder wall heat transfer and charge mixing. 
Performing such explorations solely in the laboratory would be inefficient, 
expensive, and impractical, since there are many variables that exhibit complex 
interactions. Rather, the control problem must be tackled using intelligent experiments 
guided by a suite of modeling tools to understand the process. 
 
1.3 Review of HCCI Modeling 
Ever since the computer began to be used in engine modeling, engine models 
became more and more sophisticated and accurate over the times.  However, 
computational power still hasn’t reached the level that researchers can embed fine-grid 
CFD in system optimization or system control study.  The computational resource has 
been either allocated to in-depth physical models or large number loop iteration models, 
but not both. 
1.3.1 Single-zone Thermo-kinetic Model 
The earliest example of this type of model was developed by Najt and Foster 
[1983] to help analyze experimental work on a premixed-charge, compression-ignited 
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CFR engine.  Their model employed the Shell ignition model and an empirical Arrhenius 
single step combustion model. By fitting the model constants to a wide range of engine 
combustion rate data, the authors were able to suggest that the combustion process was 
dominated by kinetics, a view that is widely accepted today. 
Recent examples of zero-dimensional models use more sophisticated and detailed 
chemical kinetics [Smith et al. 1997; Christensen et al. 1998; Aceves et al. 1999; Wong 
and Karim 2000, and Dec 2002]. In general, these models have been successful in 
exploring the effects of fuel composition, compression ratio, A/F ratio, EGR rates and 
other operating parameters, as well as the lean limits of HCCI operation. 
Hiltner et al. [2000], Ogink and Golovitchev [2001], have combined the single 
zone approach with existing zero-dimensional engine models to provide accurate 
estimates of the effects of the gas exchange process and have used the resulting 
simulations to evaluate unconventional engine concepts or variable valve timing 
strategies. 
Fiveland and Assanis [2000] proposed a full cycle, thermo-kinetic single zone 
model. The fresh charge was assumed to be perfectly homogeneous, with fluid mechanics 
assumed to have no impact on combustion phasing and rate besides their effect through 
cylinder wall heat transfer.  Detailed chemical kinetics mechanisms for natural gas (GRI, 
Warnatz) were applied to predict the ignition timing and heat release rate. Their model 
contributed to understanding how mixture preparation and in-cylinder thermodynamics 
conditions affect ignition timing, as well as engine performance.  
While the zero-dimensional, single zone, thermo-kinetic models have shown the 
ability to yield satisfactory accuracy against measurements of engine performance, they 
suffer significant shortcomings in predicting the rate of heat release, combustion 
completeness, and emissions, largely due to the simplifying assumption of strict 
homogeneity throughout the combustion chamber.  Inaccurate estimates of residual 
temperature and species composition critically affect predictions of subsequent cycles, 
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thus limiting the ability of the simulation to track transients.  Thus, this type of model 
cannot be directly used as a control and design tool, despite its computational efficiency.  
The potential problem of this type of model is to expand the engine operating range into 
unrealistic region. 
1.3.2 Multi-zone Thermo-kinetic Models 
In an effort to overcome the shortcomings of the zero-dimensional single-zone 
approach, several authors have added computational zones corresponding to different 
physical regions in the chamber. This approach can include some important geometrical 
and physical-chemical phenomena, while avoiding the computational demands of a full 
CFD approach. Noda and Foster [2001] explored the effect of temperature stratification 
by modeling multiple zones with different temperatures imposed parametrically in an 
otherwise zero dimensional model. Ogink and Golovitchev [2002] used a similar 
approach, but introduced an empirical temperature distribution among the zones to better 
match the experimental energy release data. 
A comprehensive quasi-dimensional model was proposed by Fiveland and 
Assanis [2001, 2002] with the intent to bridge the gap between zero-dimensional and 
sequential fluid-mechanic – thermo-kinetic models.  This model is based on a full-cycle 
simulation code and includes an adiabatic core, a predictive boundary layer model and a 
crevice flow model.  In particular, the thermal boundary layer is driven by compressible 
energy considerations, and hence is of varying thickness, and is solved at multiple 
geometric locations along the piston-liner interface. A full dynamic ring pack model is 
used to compute the crevice flows.  The model provided good agreement with 
experimental performance data for a natural gas fueled engine, and gave reasonably good 
agreement for unburned hydrocarbons.  CO predictions were less satisfactory due to lack 
of detailed thermal resolution in the near wall regime. 
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The key limitation of multi-zone, quasi-dimensional models is their inability to 
predicatively describe stratification or in-homogeneities in residual fraction that are likely 
to exist in practical applications, especially in direct injection systems.  With suitable 
calibration, the quasi-dimensional models have shown that they can include key 
geometric effects without excessive computational times. As such, they show promise as 
a rapid computational tool which can be used as the basis of practical in-vehicle system 
simulations. 
1.3.3 Segregated Sequential CFD Multi-zone Thermo-kinetic Models 
In order to obtain some of the zonal resolution afforded by CFD models and yet 
reduce the computational time required by detailed kinetics calculations, a segregated, 
sequential multi-zone modeling approach has been pioneered by Aceves et al. [2000, 
2001, 2002].  In this approach, a computational fluid dynamics code was run over part of 
the engine cycle, typically from Bottom Dead Center (BDC) until a transition point 
before Top Dead Center (TDC), and then the fluid was binned into ten mass-temperature 
groups.  Detailed combustion kinetics calculations were then carried out in each 
temperature group, with the groups interacting with each other only by P-dV work and 
subject to the constraint of the time varying chamber volume. Diffusion of species and 
heat between zones was thought to be unimportant due to the rapid combustion time, and 
thus was not considered.  The model was the first to show a 100-200K range of 
temperature variation within the main charge near TDC, and demonstrated the smoothing 
effect that this has on predicted energy release rates, a recurrent shortcoming with single 
zone models. The model also succeeded in resolving the low temperature regions of the 
chamber, along the wall and in the ring crevice, and showed that these zones are 
responsible for combustion inefficiency, unburned hydrocarbon and CO emissions. 
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Nevertheless, CFD calculations were limited to the closed valve portion of the engine 
cycle and the chamber was treated only in 2-dimensions. 
Babajimopoulos et al. [2002] have extended the model proposed by Aceves et al. 
to study the effects of valve events and gas exchange processes in the framework of a 
full-cycle HCCI engine simulation.  The multi-dimensional fluid mechanics code KIVA-
3V [Amsden 1997] was used in 3-D to simulate the exhaust, intake and compression 
strokes up to a transition point, while a multi-zone, thermo-kinetic code computed the 
combustion event.  After validation by comparison with a natural gas Caterpillar engine, 
the model was used to explore the effects of variable valve actuation.  In particular, a 
strategy was examined to obtain large internal residual fractions by early closing of the 
exhaust valves accompanied by late intake valve opening.  The model was able to 
identify not only large variations in temperature, but also significant non-homogeneities 
in residual content throughout the chamber at the beginning of combustion. 
This type of model has successfully resolved the low temperature regions of the 
chamber, along the wall and in the ring crevice, and showed that these zones are 
responsible for combustion inefficiency, unburned hydrocarbon and CO emissions.  
However, this type of model is very cumbersome to take on a transient study, which often 
involves hundreds of cycles. 
1.3.4 Fully coupled CFD Chemical Kinetics Models 
In an effort to include the best representation of both fluid flow and chemical 
kinetics, attempts have been made to use three-dimensional CFD models coupled directly 
with chemical kinetics to study compression ignition under HCCI like-conditions. 
Agarwal and Assanis [1997, 1998, 2000] reported on the coupling of a detailed chemical 
kinetic mechanism for natural gas ignition (22 species and 104 elementary reactions) with 
the multi-dimensional reacting flow code KIVA-3V, and explored the auto-ignition of 
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natural gas injected in a quiescent chamber under diesel like conditions.  Full kinetics 
were used up to the point of ignition. After this point, in order to take into account the 
effects of small scale turbulent mixing, a one-step chemical reaction is used to convert 
fuel to products of complete combustion. The extended Zeldovich mechanism was added 
to model NOx formation. 
Kong et al. [1992, 2001, 2002] proposed a similar approach up to the point of 
ignition, while after ignition they introduced a reaction rate incorporating the effects of 
both chemical kinetics and turbulent mixing through characteristic timescales. The 
turbulent timescale was defined as the time of eddy break-up, while the kinetic timescale 
was estimated as the time needed for a species to reach the equilibrium state under 
perfectly-mixed conditions.  However, two simplifying assumptions were imposed in 
determining the kinetic time scales: (i) fuel concentration was assumed to be zero at 
equilibrium; (ii) the kinetic timescale for all species was the same as that of the selected 
reference. Despite these limitations, the model was able to replicate the effects of 
injection timing changes on NOx formation. 
Recently, Hong et al. [2002a, 2002b] proposed a more computationally 
demanding model to simultaneously account for the effects of detailed chemistry and 
mixing on ignition delay within the KIVA 3V CFD code.  The combustion model was 
comprised of a combination of the laminar flame approach, used during the induction 
time, and a modified Eddy Dissipation Concept (EDC), used subsequently.  The EDC 
model was used to predict the reaction rate based on the interaction between chemical 
and mixing rates.  A transition model was also developed to predict local ignition and 
transition phenomena between the chemistry-only and chemistry-mixing regimes based 
on branched-chain explosion and thermal explosion. The model was used to look at the 
formation of soot and NOx in a DI natural gas compression ignition engine. 
This is certainly the ‘best’ model as far as accuracy is concerned.  In this model, 
no modifications or simplifications are made to the kinetics to take into account the 
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effects of mixing or turbulence. As a result, even with a simplified grid, the calculations 
require days! 
1.3.5 Fully Integrated Sequential CFD Multio-zone Models 
Babajimopoulos et al. [2005] developed a new type of model in pursuit of 
dramatic deduction of computational time compared with fully coupled CFD-chemical 
kinetics model while maintaining high accuracy.  It is a hybrid model between fully 
coupled CFD-chemical kinetics model and segregated sequential CFD-multi-zone thermo 
kinetic model.  In this model, a multi-zone model with detailed chemical kinetics is fully 
integrated with KIVA-3V.  The model communicates with KIVA-3V at each 
computational timestep, and the composition of the cells is mapped back and forth 
between KIVA-3V and the multi-zone model.  The key technique in this model is the 
mapping process:  how to group of KIVA cells into thermo kinetic zones, and how to 
map back.  The authors map KIVA cells into temperature and equivalence ratio zones 
according to temperature-equivalence ratio-temperature scheme, which guarantees that 
no zone has more than 1% of total cylinder mass.  The novel contribution of this work is 
the remapping scheme.  The authors first distribute the active species into cells according 
to the cell’s original reactivity, which is calculated by the C and H atoms not existing in 
complete combustion products.  Second, CO2 and H2O are mapped back to conserve the 
cell’s C and H balance.  Then, O2 is mapped back to conserve O balance.  Finally, N2 is 
mapped back to conserve the overall cell mass. 
By using this model, the reduction of computational time compared to fully 
coupled CFD-chemical kinetics model is enormous.  The test operated on a 2.8 GHz PC 
shows that running time has been reduced from 30 hours to 3.5 hours [Babajimopoulos et 
al. 2005]. 
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There are two major considerations in selecting a proper model for a certain 
application: the simplicity spectrum and accuracy spectrum. Unfortunately, for a given 
model, its locations on these two spectrums are almost always cross mirrored, which 
means that the high end of simplicity matches the low end of accuracy.  The models 
described above are more focusing on predicting a single steady-state cycle. However, 
one of HCCI’s pertinent features is the strong coupling between adjacent cycles.  So to 
effectively assist the design and development of the HCCI engine, a proper model should 
be able to be run for a number of cycles, with good accuracy not only within a cycle, but 
also between the cycles.  
Since all models described above either involve CFD or chemical kinetics, they 
take fairly long to execute to be useful in the context of control studies requiring many 
engine cycles.  This is true of even the single-zone models containing detailed kinetics 
schemes.  While the running time could be expedited with appropriate simplification of 
the kinetics, the single zone models that have been reported in the literature have major 
shortcomings in predicting the proper rate of heat release and the correct combustion 
efficiency and exhaust species.  Hence, a new methodology is needed in order to satisfy 
simultaneously the requirements for low computational cost and acceptable accuracy for 
use in studies of HCCI transients, so as to be effective in guiding engine control strategy 
development.   
 
1.4 Thesis Objectives and Anticipated Contributions 
The major objective of this work is to determine the fundamental physical impact 
of nine engine operating and design parameters on HCCI combustion.  This is achieved 
through the use of a fully integrated CFD-multi-zone thermo kinetic code developed by 
Babajimopoulos et al. [2005] to understand various engine parameters’ effects on HCCI 
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combustion.  For each parameter, fundamental physical insight is gained for both its 
impact on ignition timing and its effect on the following combustion by analyzing in 
cylinder temperature distribution data.  Based on the knowledge developed in the 
parametric study, several HCCI combustion correlations are developed and validated.  
These correlations are integrated into a one dimensional engine system software GT-
Power to enable transient HCCI operation simulation.  This integrated GT-Power model 
is validated with engine experiment data from a UM HCCI engine.  Finally, one specific 
HCCI control strategy is evaluated by the integrated GT-Power model.  Both steady state 
and transient characteristics are presented. 
For the first time, high fidelity simulation is used to do parametric study with very 
fine resolution of cylinder temperature distribution, which is the main contribution of this 
thesis work.  Also, the design of parametric study is oriented with the emphasis of 
ignition timing.  Not only parameter’s effect on ignition timing is investigated, but also 
its effect on combustion efficiency and burning rate under the same ignition timing is 
examined.  Again, doing parametric study under the same ignition timing has not been 
done before.  Combined with ignition delay model developed at UM [He et al. 2005], 
these newly developed HCCI combustion correlations provide a simple but accurate 
package of predicting HCCI combustion.  The existing common practice of 1D HCCI 
simulation is to assume values of combustion efficiency and burning duration [Shaver 
2005, Rausen J. D. et al. 2004].  These correlations greatly benefit transient HCCI 
simulation and control study, which often require simulation tool with high 
computational efficiency.  
The document is arranged as follows.  In Chapter 2, high fidelity simulation tool 
KIVA-MZ is introduced and set up, and then major findings are presented.  Chapter 3 
and chapter 4 respectively investigate the details of engine operation and design 
variables, and explain the observations presented in chapter 2.  Chapter 5 developed 
HCCI combustion correlations based on the results of 2 through 4 and validated with 
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KIVA data.  Chapter 6 introduces the one dimensional engine simulation tool with the 
newly developed combustion correlations and validation work against engine experiment 
data.  Chapter 7 evaluates a strategy to control HCCI combustion by the 1D GT-Power 
tool.  Finally, summary and suggestions are offered in Chapter 8. 
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CHAPTER 2 
KIVA-MZ STUDY OF HCCI COMBUSTION 
One unique feature of HCCI combustion is that heat release rate is strongly 
coupled with ignition timing, which is apparent from several experimental observations 
[Chang et al. 2004, Sjöberg et al. 2004].  To investigate the relationship in depth, engine 
simulation modeling provides a quick and insightful alternative to engine experiment.  
Even though the single zone model is capable of predicting ignition timing with detailed 
chemistry, heat release rate is often over predicted due to the lack of temperature gradient 
[Fiveland et al. 2002].  Therefore, three dimensional CFD code KIVA-3V is integrated 
with detailed chemistry solver CHEMKIN [Babajimopoulos, 2005].  The resulting 
product is called KIVA-MZ, which is capable of capturing fine details of HCCI 
combustion. 
In this simulation study, KIVA-MZ program starts from intake valve closing with 
the assumption that cylinder mixture is homogeneous, and program finishes at 60 degrees 
ATDC.  In a real engine, cylinder mixture is hardly homogeneous at intake valve closing; 
however, the knowledge developed under homogeneous condition is the foundation for 
understanding HCCI combustion under higher levels of heterogeneity. 
Nine engine design and operating parameters are investigated with respect to their 
effects on both ignition timing and heat release rate.  The parametric study performed 
here is more than a traditional one.  For meaningful comparison, the effects of parameters 
must be compared under the same ignition timing.  Therefore, several parametric values 
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to be compared, for example, equivalence ratios 0.2 and 0.4, undergo an inlet temperature 
sweep.  By doing this, comparison of two cases of equivalence ratio can be made under 
the same ignition timing. 
This chapter is arranged in the following: First, experiment trends from two 
engines are shown.  Next, the KIVA-MZ is introduced and set up by sensitivity studies of 
both grid and chemical mechanism. Then, validations are made with some experiment 
data from the test engine at Sandia National Lab.  Finally, individual engine design and 
operating variable’s effect on combustion rate is analyzed by the KIVA-MZ model. 
 
2.1 Experiment Evidence of Ignition Dominance 
Motivation to explore the relationship between combustion speed and ignition 
timing started from some experiment observations.  The tight coupling between ignition 
timing and heat release rate was first noticed from experimental data in the HCCI engine 
at the University of Michigan [Chang, et al. 2004].  Then at Sandia National Lab, the 
same trends were produced with vastly different engine configurations. 
The strong relationship between combustion duration and ignition timing is very 
clear: earlier ignition leads to faster combustion.  HCCI combustion is temperature 
driven, and chemical reaction and piston compression are the two major sources of heat 
addition.  The ignition timing relative to piston position determines the interaction 
between piston compression heating and combustion heating. 
2.1.1 UM HCCI Engine 
A GM prototype, pentroof shape cylinder head is installed into a modified 




Table 2.1 - Engine specification of UM HCCI single cylinder test engine 
Bore (mm) 86.0 
Stroke (mm) 94.6 
Compression Ratio 12.5 
RPM 2000 
IVO / IVC 346 / 592 (ATDC) 
Main EVO / EVC 130 / 368 (ATDC) 
Second EVO / EVC 394 / 531 (ATDC) 
 
To enable HCCI combustion in this engine, an exhaust re-breathing strategy is 
applied to provide the necessary hot residual gas.  The exhaust valves open for a second 
time during the intake stroke via an additional lobe on the exhaust cam.  During this 
period, hot residual gas is drawn back into the cylinder from the exhaust ports, which 
helps ignition. 
This experiment is focused on heat transfer analysis, and several parametric 
studies are performed.  Among these variables, two of them create wide span in ignition 
timing.  They are the intake temperature sweep and the equivalence ratio sweep.  From 
intake temperature sweep data, Figure 2.1 shows that combustion efficiency drops with 
later ignition timings, and the burning durations get longer with later ignition timing.  The 
same trends are observed in Figure 2.2, which is from the equivalence ratio sweep.   
2.1.2 Sandia HCCI Engine 
A Cummins B-series production six cylinder diesel engine is converted to operate 
HCCI in one cylinder, and rest five cylinders are deactivated [Dec and Sjöberg, 2003].  
The camshaft phasing was modified to improve the volumetric efficiency and to reduce 
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the amount of residual gas.  This modification reduces the sensitivity of cycle to cycle 
coupling, so the engine can be stable at low combustion efficiency.  The Sandia engine 
configuration is listed in Table 2.2. 
 
Table 2.2 - Engine specifications of Sandia HCCI test engine 
Bore (mm) 102 
Stroke (mm) 120 
Compression Ratio 18 
Connecting Rod (mm) 192 
Fuel Iso-octane 
IVO / IVC 357 / 565 (ATDC) 
EVO / EVC 120 / 368 (ATDC) 
 
The Sandia engine has intake heating system to feed the engine with warm 
enough air to reach auto ignition with very lean mixture and little residual gas.  It also 
runs intake temperature sweep.  Figure 2.3 shows that similar pattern exists for Sandia 
engine with respect to the trend in combustion efficiency and burning duration with 
ignition timing. 
Both engines show that ignition timing has profound impact on combustion 
efficiency and burning duration.  To what extend ignition timing can determine 
combustion efficiency and burning duration, and what are other variables’ role in the 
process are the questions need to be addressed in this thesis work. 
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2.2 KIVA-MZ Overview 
Ever since its first release in the mid eighties, KIVA has become “THE” CFD 
code for engine research.  KIVA-3V is applied here as the virtual engine for numerical 
experiment.  CFD normally doesn’t work well with detailed chemistry since both are very 
computationally expensive.  A creative mapping scheme between CFD cells and thermo-
kinetic zones is developed by Babajimopoulos [Thesis, 2005] to perform chemistry 
calculation under CFD framework. 
2.2.1 KIVA3V Introduction 
The first version of KIVA program [Amsden et al., 1985] was released by Los 
Alamos National laboratory in 1985, and because it is a freeware, it gained popularity 
quickly among academic institutions and industrial companies as well.  This is particular 
true in the internal combustion engine field, where the demand for CFD code is right on 
the rise.  KIVA-II was release in 1989 [Amsden et al., 1989] to replace KIVA-I.  KIVA-
II made improvements in fields of computational efficiency, numerical accuracy, physical 
submodels and usability.  However, these two versions only excel at in-cylinder flows 
and open combustion systems, but were quite inefficient when applied to complicated 
geometries, like long transfer ports or prechambers.  This handicap stems from the design 
that the entire simulation region had to be encompassed within a single tensor-product 
mesh with fixed index offsets in all three directions, which often result in a large number 
of deactivated cells. 
KIVA-3 removed this issue by the use of a block-structured mesh that 
automatically deletes unused cells [Amsden et al., 1993].  Also, the use of indirect 
addressing for neighbor connectivity enables data storage arrays to be sorted, minimizing 
the length of vector loops.  The killer application of KVIA-3 to IC engines is ports in the 
cylinder walls, which included both crankcase-scavenged 2-stroke engines with transfer 
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and boost ports.  KIVA-3V is a significant improvement through the addition of a model 
for intake and exhaust valves, while inheriting all previous features of KIVA-3 [Amsden 
et al., 1993]. The valve model treats valves as solid objects that travel through the mesh, 
applying the same “snapper” technique used for piston motion in KIVA-3. 
2.2.2 Governing Equations and Flow Models 
The equations of motion for the fluid can be solved for both laminar and turbulent 
flows.  The mass, momentum and energy equations for the two forms differentiate 
primarily in the form of the transport coefficients (i.e. viscosity, thermal conductivity and 
species diffusivity), which are much larger in the turbulent formulation because of the 
additional transport created by turbulent fluctuations.  In the turbulent case, the transport 
coefficients are derived from a turbulent diffusivity that depends on the turbulent kinetic 
energy and its dissipation rate. 




























)( u  (2.1)
where ρi is the mass density of species i, ρ the total mass density, and u the fluid 
velocity. Fick’s Law is used for diffusion with a single coefficient Di. The terms ciρ&    and 
sρ& indicate source terms due to chemistry and spray, respectively. Species l is the species 
of which the spray droplets are composed and δil is the Dirac delta function.  
The momentum equation for the fluid mixture is: 













where p is the fluid pressure, k is the turbulent kinetic energy per unit mass, σ is  
the viscous stress tensor, g is the gravitational acceleration vector, and FS is the rate of 
momentum gain per unit volume due to the spray. The dimensionless quantity α is used 
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in conjunction with the Pressure Gradient Method (PGS), which enhances computational 
efficiency in low Mach number flows, where the pressure is nearly uniform. Ao is a 
computational switch, which is set to zero for laminar and one for turbulent flows.  
The viscous stress tensor is Newtonian in form: 
( )[ ] uIuu ⋅∇+∇+∇= λµσ T  (2.3)
where I is the unit dyadic and λ, µ are the first and second coefficients of  
viscosity, respectively. 
The internal energy equation is: 
( ) ( ) SCoo QQAApIt
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where I is the specific internal energy exclusive of chemical energy, uσ ∇:    
indicates the double-dot product between the surface tension and velocity gradient tensor, 
J is the sum of the contributions due to heat conduction and enthalpy diffusion, ε is the 
dissipation rate of turbulent kinetic energy k, and CQ&  and SQ&  are source terms due to 
chemical heat release and spray interaction. 
The ideal gas relationships are used for the equation of state to relate internal 
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where Ro is the universal gas constant, Mi is the molecular weight of species i, 
Ii(T) is the specific internal energy of species i at temperature T, and hi(T) is the specific 
enthalpy of species i, taken from the JANAF thermodynamic tables. 
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When one of the turbulence models are in use (Ao =1), two additional transport 
equations are solved for the turbulent kinetic energy k and its dissipation rate ε. 
Currently, two turbulence models are included in KIVA-3V. 
The k-ε model 
The transport equations that are solved for the turbulent kinetic energy k and its 
dissipation rate ε are: 
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2 cc  in the ε-equation accounts for length scale changes 
when there is velocity dilatation. Source terms involving the quantity SW&  arise due to the 
interaction of the gas with the spray. The quantities cε1 , cε2 , cε3, cS , Prk, and Prε are 
constants whose values are determined from experiments and some theoretical 
considerations. 
The SGS Model (RNG k-ε) 
















where LSGS is a length scale determined by the user in the input file.  Typical 
suggested values for this length scale are 4-5 times a representative computational cell 
dimension. 
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The physical reasoning behind this model is that the turbulent length scale has to 
be less than or equal to LSGS. 
2.2.3 Multi-zone Mapping 
The most accurate simulation approach toward HCCI combustion analysis could 
be achieved by fully integrating a CFD code with a detailed chemical kinetics code, 
which would solve for the chemistry in each computational cell.  However, to 
appropriately resolve the temperature distribution in the cylinder, the grid size is on the 
order of 104 or 105 [Babajimopoulos, 2005].  The combination large numbers of cells 
with chemical kinetics calculations makes such a model very computationally intensive.  
Kong et al. [2003] reported good results using this approach by implementing one iso-
octane mechanism [Ognik and Golovitchev, 2001] into 2244 CFD cells. 
In an effort to reduce the computational time required by the solution of detailed 
chemistry in each computational cell, while maintaining an acceptable degree of 
accuracy, a new HCCI modeling methodology has been developed by Babajimopoulos 
[2005].  A multi-zone model with detailed chemical kinetics is fully integrated with 
KIVA-3V.  The model communicates with KIVA-3V at each computational timestep, 
and the composition of the cells is mapped back and forth between KIVA-3V and the 
multi-zone model.  The zone initialization takes into consideration both the temperature 
and the equivalence ratio of the cells. 
This approach requires two way mapping procedure.  Forward mapping mixes 
CFD cells into a thermodynamic zone; while backward mapping distributes the content in 
a thermodynamic zone into CFD cells. 
The steps for forward mapping are in the following: 
a) All cells in the cylinder are sorted from lowest to highest temperature and are 
divided into five temperature zones. Each zone contains a prescribed fraction of the mass. 
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b) The cells in each temperature zone are sorted from lowest to highest 
equivalence ratio. Then sub divided them into equivalence ratio zones with maximum 
range of 0.02 in each equivalence ratio zone. 
c) The last step is to take any T/equivalence ratio zones which contain more than 
1% of the cylinder mass, sort the cells in these zones by temperature, and divide them 
into smaller temperature zones, so that, in the end, the mass fraction in each zone does 
not exceed 1%. 
Once cells are grouped into a zone, and the zone is allowed to react using the 
average temperature and composition of the cells, it is impossible to know exactly what 
fraction of each species should be mapped back onto each cell.  However, it is possible to 
distribute the species to the cells, so that the change in thermodynamic properties of the 
cells is minimized. In order to do that, certain requirements must be met: The mass of 
each cell in the zone must be conserved; The mass of each individual species in the zone 
must be conserved; The number of C, H, O and N atoms in each cell must be conserved. 
So the backward mapping is described below: 
a).  First, species except CO2, H2O, O2, and N2 are distributed to the cell based on 
the original cell’s C and H items not in CO2 and H2O, which ensure the chemical energy 
is distributed proportionally.  
b). CO2 and H2O are distributed to CFD cell conserve the cell’s C and H atoms.  
c). O2 is distributed to match cell’s O atom number.   
d). Finally, N2 is distributed to balance the total cell mass. 
 
2.3 KIVA-MZ Simulation Setup 
Because the simulation is intended to be executed hundreds or even thousands of 
times, the computational speed has to be acceptable.  So the chemical mechanism and 
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computational grid have to be optimized.  Ideally, two engine meshes should be created 
to match the two test engines at UM and Sandia.  However, the focus of the study is 
parametric study, so one generic engine geometry is created instead.  The configuration is 
listed in Table 2.3. 
 
Table 2.3 - Specification of KIVA3V simulation engine 
Bore (mm) 90 
Stroke (mm) 105 
Compression Ratio 12.5 & 16 
Piston Geometry Pancake & Bowl 
Fuel Isooctane 
Crevice volume (%) 1 & 4 & 8 
 
2.3.1 Chemical Kinetics Mechanism 
The most comprehensive isooctane mechanism is the LLNL’s full mechanism, 
which has 857 species, and 3606 reactions.  This mechanism is not practical for 
parametric study.  Reduced mechanism should be used instead to make computational 
time affordable. 
Sensitivity studies are performed on chemical kinetics mechanism to determine 
the appropriate one to ensure the best combination of computational efficiency and 
accuracy.  Three reduced mechanisms are compared to the full mechanism.  They are 
Curran skeletal mechanism [Curran et al. 2002], and two other reduced mechanisms.  
Curran skeletal mechanism has 258 species, and two other reduced mechanisms have 197 
and 179 species.  Comparisons are performed with a single zone engine model under two 
operating conditions.  One operation point is an early ignition case with 10% EGR 
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percentage, 0.4 equivalence ratio and 510 K intake temperature.  As indicated in Figure 
2.4, Curran skeletal case has early ignition, while R197 and R179 match the full 
mechanism well on ignition with R197 fitting better on the completeness of combustion.  
The other operation point is late in ignition with 40% EGR percentage, 0.4 equivalence 
ratio, and 505 K intake temperature.  In Figure 2.5, Curran skeletal case over predicts 
ignition timing again, while both R197 and R179 under predict ignition timing with R197 
having clear advantage over R179 both on the heat release profile and combustion 
efficiency.  In the following study, all results are based on R197 mechanism. 
2.3.2 CFD Grid 
Computational time is also significantly affected by CFD grid size.  In order to 
get the best accuracy out of moderate grid size, another round of sensitivity study is 
performed. 
The three grid sizes under comparison have 4260, 16350, and 65400 cells 
respectively.  Two engine operation conditions with two ignition timings are chosen to 
explore the behavior of the grid size under both early and late ignition.  With ignition 
timing at about 2 degrees before TDC, Figure 2.6 shows that cumulative burning curves 
are close to each other except that the coarsest grid with 4260 cells has slightly early 
burning.  Under late ignition timing, which is about 2 degrees after TDC, as shown in 
Figure 2.7, the coarsest grid with 4260 cells has been separated from the other two 
curves, while there is no significant difference in the other two grids.  For both cases, the 
middle grid matches well with the finest grid.  So, in the following study, the grid size is 
fixed at 16350 cells. 
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2.4 KIVA-MZ Validation 
Before this simulation code is used as numerical experiment to generate large 
amounts of data, it is validated against experiment results.  Between two available test 
engines data, Sandia engine is better suited for the validation work.  The main reason is 
the level of homogeneity in the cylinder.  Unlike the UM engine, the Sandia engine 
doesn’t apply large amount of residual gas, thus its mixture is more uniform in 
composition.  Composition uniformity is assumed at intake valve closing for the KIVA-
MZ simulation.  Thus it is an easy choice to use the Sandia engine data to validate the 
KIVA-MZ. 
2.4.1 Intake Temperature Sweep Study 
In this research work, the main focus is on the relationship between combustion 
efficiency, burning duration and ignition timing.  Ideally, experimental data should have 
wide span of ignition timing, thus the intake temperature sweep data is chosen as the 
benchmarking sweep.  Following table lists the parameters for the Sandia intake 
temperature sweep. 
Table 2.4 - Parameters for Sandia engine intake temperature sweep 
Compression Ratio 18  
IVC (ATDC) -155 
Engine speed (RPM) 1200 
Equivalence ratio 0.246 
Intake pressure (Bar) 1.2 
Intake temperature (K) 367.5~423 
 
For engine testing, conventional definition of ignition timing is the location where 
10 percent of energy is released, and burning duration is defined as the crank angle 
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duration from 10 percent to 90 percent energy released.  Figure 2.8 shows the comparison 
of combustion efficiency and burning duration between KIVA-MZ and the experiment 
data.  Overall, the simulation tool is capable of accurately predicting the trend of 
combustion efficiency and burning duration with the range of ignition timing.  Also, the 
simulation covers more range in the later ignition region, where combustion efficiency 
starts to fall and burning duration gets very long. 
2.4.2 Natural Thermal Stratification Study 
Another important experiment study performed on the Sandia engine is natural 
thermal stratification [Sjöberg et al 2004].  Three cases are compared with different level 
of temperature distribution in the cylinder.  The baseline case has coolant temperature at 
100 degree Celsius and swirl number at 0.9.  The second case has lower coolant 
temperature at 50 degree Celsius and the same swirl number.  The third case has the same 
coolant temperature as the second case, but with a higher swirl number at 3.6.  The 
combustion phasing (10% burned location) is regulated at 5 degrees ATDC for all three 
cases.  The conclusion is that lower coolant temperature and higher swirl number increase 
the temperature stratification in the cylinder, which slows down the heat release rate. 
KIVA-MZ is utilized to replicate the same trend.  Instead of the coolant 
temperature boundary condition, cylinder wall temperature is set as the boundary 
condition.  The baseline case has wall temperature at 450 Kelvin and swirl number at 
0.93.  The second case has wall temperature at 400 Kelvin and swirl number at 0.93.  The 
third case has wall temperature at 400 Kelvin and swirl number at 3.93. 
Both the heat release comparison (Figure 2.9) and the pressure comparison 
(Figure 2.10) match the experiment trend.  The extra information provided by KIVA-MZ 
simulation is the temperature distribution history (Figure 2.11), which is not available 
from the experiment.  The temperature distribution before combustion has clear 
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separation in low temperature region, where baseline case has the least mass in this 
region and third case has the most mass.  This pattern of distribution is kept over the 
whole combustion process. 
 
2.5 Simulation Design 
Different research interest determines different data structure to be retrieved.  In 
this study, traditional parametric study data structure can only reveal the relationship 
between the ignition timing and the parameter under study.  Since one of the goals is to 
explore the relationship between all these parameters and combustion rate barring the 
effect caused by ignition timing, the parametric study is designed to compare combustion 
process under the same ignition timing.  
In this thesis, “open end parametric study” is defined as that a parametric study 
only varying the parameter itself without varying any other independent parameters, and 
there’s no regulation of the final results or intermediate variables. 
Opposite to the “open end parametric study” is the “close end parametric study”, 
which has a targeted constant value for the final result.  If a parameter does vary the final 
result under “open end parametric study’, then another independent variable has to be 
modified to compensate the original parameter’s effect to achieve the “close end 
parametric study”. 
There’s a third type of parametric study with interest in intermediate variables.  
What if an intermediate variable needs to be regulated?  In this thesis, it is called “filtered 
parametric study”. 
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2.5.1 Filtered Parametric Study 
The definition for “filtered parametric study” is defined as a parametric study with 
regulated intermediate value, which may involve the modification of other independent 
variables.  The difference between “filtered parametric study” and “open end parametric 
study” is the involvement of other independent variables.  The difference between 
“filtered parametric study” and “close end parametric study” is whether the final result is 
regulated or intermediate variable is regulated. 
To embody the concept of “filtered parametric study”, an example is given in 
HCCI combustion study.  The example is about the relationship between result value 
combustion efficiency and input parameter equivalence ratio.  Meanwhile, strong 
relationship is known between combustion efficiency and ignition timing.  Ignition 
timing, in this case, is an intermediate variable. 
So in this example, equivalence ratio is the parameter under study, combustion 
efficiency is the final result, and ignition timing is the intermediate variable.  Under 
“open end parametric study”, different values of equivalence ratio results in different 
combustion efficiency, as well as ignition timing. 
Now, the question is whether equivalence ratio has effect on combustion 
efficiency only through its effect on ignition timing, or equivalence ratio has effect on 
combustion efficiency more than its effect through ignition timing.  By doing just “open 
end parametric study”, the answer won’t be known since ignition timing is not kept 
constant.  The only way to answer the question is to keep the ignition timing constant 
while varying the equivalence ratio.  This requires another independent variable to be 
varied to compensate the effect of equivalence ratio on ignition timing.  And that 
independent variable is called compensator variable. 
The choice of compensator variable is not random.  It should have the following 
two characteristics: First, it can alter the value of intermediate variable, which is obvious; 
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second, it can alter the final result only through its effect on the intermediate variable.  In 
this example, the compensator variable should be able to change ignition timing and its 
effect on ignition timing should be the only mechanism that it can change the combustion 
efficiency. 
The compensator variable for HCCI combustion study is intake temperature. 
2.5.2 Intake Temperature Sweep Study 
The relationship between intake temperature and ignition timing is very 
straightforward.  Higher intake temperature has earlier ignition.  The proof that ignition 
timing is the only mechanism that intake temperature can change combustion efficiency 
relies on the facts that intake temperature has minimum effect on mixture adiabatic 
temperature, mixture distribution, and heat transfer characteristics.  Higher intake 
temperature resulting in higher combustion efficiency is predominantly due to earlier 
ignition. 
Parametric study of intake temperature itself can provide important information 
on misfiring mechanism.  By reducing the intake temperature gradually, the ignition gets 
later and later, and eventually misfiring happens.  By looking into the species 
concentration and temperature profile, more detailed information can be reviewed.  
In this thesis work, combustion efficiency is defined as the ratio of the chemical 
energy eventually released over the total chemical energy available for the cycle.  Based 
on either total available energy or eventually released energy, there are two definitions of 
percentage fuel burned.  Absolute percentage burned is calculated by dividing the current 
released energy by total available energy in the cylinder; while relative percentage burned 
is calculated by dividing the current release energy by the energy eventually released.  
When combustion efficiency is close to 100%, the difference between absolute 
percentage burned and relative percentage burned is small.  However, when combustion 
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efficiency is significantly below 100%, the difference between these two values can be 
large.  In the following context, two abbreviations are used to address the difference.   “% 
fuel” represents the absolute percentage burned; while “% burned” represents the relative 
percentage burned.  Ignition timing under this study is defined as the crank angle location 
for “1% fuel”. 
Six intake temperature cases (476.5, 480, 485, 492.5, 497.5, and 510 Kelvin) are 
studies with the following setup: 
 
Table 2.5 – Parameters of simulation engine for intake temperature sweep 
Intake Pressure (bar) 1.1 
EGR (%) 5 
Engine Speed (rpm) 2000 
Compression Ratio 12.5 
Equivalence Ratio 0.26 
 
The KIVA3V-MZ model calculates thermodynamic and chemical properties 
within a CFD cell, but to record information to that detail requires huge memory space, 
which is not practical for studies focusing on the variations of engine operating 
parameters and design variables, which require many simulation runs.  However, the 
model outputs still provide enough details of the combustion process by recording three 
major information groups: first is the performance group (Figure 2.12), including: 
cylinder pressure, cylinder average temperature, cylinder maximum temperature, 
accumulative mass fraction burned, and derived mass fraction burning rate (Figure 2.13); 
the second group is species composition group (Figure 2.14), including hydroxyl (OH) , 
hydrogen peroxide (H2O2), hydroperoxy (HO2), hydrogen (H2), carbon monoxide (CO), 
and isooctane.  Finally, there is a temperature distribution group, recording the 
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temperature distribution evolution history in the cylinder (Figure 2.15).  The temperature 
distribution comparison is carried out with three initial temperature cases: good 
combustion (497.5 K), marginal combustion (480 K), and misfire (476.4 K). 
The trend is quite obvious in Figure 2.12.  With lower initial temperature, the 
ignition gets later, and peak pressure and temperature gets lower.  The combustion 
efficiency also gets lower with later ignition.  The four higher initial temperature cases 
finish the combustion at higher combustion efficiency, and the two lower initial 
temperature cases are distinctively below, especially the lowest initial temperature case.  
The pressure curves are on top of each other before the case with the earliest ignition 
takes off.  In Figure 2.13, the heat release rate comparison shows that the earlier the 
ignition, the faster the burning.  
Figure 2.14 shows the trends of individual species composition with ignition 
timing.  OH radical composition decreases with later ignition; while H2O2 composition 
increases with later ignition.  H2 and HO2 radicals’ compositions also decrease with later 
ignition. 
Combustion efficiency is close for the four cases with higher temperatures.  The 
case with 480 K intake temperature finishes significantly lower; while the case with 
476.5 K intake temperature obviously misfires.  For those four cases with good 
combustion efficiency, the heat release rate (Figure 2.13) differentiates significantly.   
Higher intake temperature results in earlier ignition and faster heat release rate.  The 






Table 2.6 - Combustion parameter comparison for intake temperature sweep 




[K] [ATDC] [%] [CAD] 
476.5 1.24 40.46 21.45 
480 -0.13 86.97 14.32 
485 -1.81 91.57 8.65 
492.5 -3.95 92.59 6.08 
497.5 -5.23 92.83 5.3 
510 -8.04 93.21 4.27 
The misfiring case with 476.5 K intake temperature is of great interest.  It is 
obvious that exothermic reactions are happening well into the expansion stroke.  The 
amount of OH is almost negligible.  And it is obvious that H2O2 stops dissociating at 
about 30 degrees ATDC.  Instead, H2O2 has an upward turn since HO2 keeps cracking the 
fuel into Alkyl and H2O2.  At the same time, there is plenty of CO available, however, 
there’s not enough OH radical existing to react with. 
The temperature distributions (Figure 2.15) of three intake temperature cases 
reveal the temperature histories of these three representatives of combustion: good, 
marginal, and misfire.  For good combustion, the fully developed distribution is reached 
by 5 degrees ATDC; while for marginal combustion, it takes much longer, and there is 
noticeable mass fraction of intermediate temperature existing in the cylinder; for misfire 
case, the temperature distribution is more linear, which means that different levels of 
partial combustion exists in the cylinder.  So the misfire pattern in the HCCI is not just 
the quenching of boundary layer, rather, each temperature and composition region has its 
own degree of combustion completeness. 
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2.5.3 Structure of Simulation Results 
The simulation is able to investigate the following parameters’ effect on 
combustion other than above mentioned intake temperature: equivalence ratio, load, 
EGR, RPM, piston geometry, crevice volume, compression ratio, wall temperature and 
swirl number.   
There’re 46 intake temperature sweeps with 1422 individual runs.  The detailed 
information of the sweep is listed in the following two tables.  For variable kept constant 
for the intake temperature sweep, a value is shown in the table; for variable with 
changing value for the sweep, negative sign (-) is presented. 
 
Table 2.7 - Parameters for intake temperature sweep study (part one) 
Sweep Crevice Piston CR Speed EGR 
 [%]  [-] [RPM] [%] 
1 4 Pancake 12.5 2000 20 
2 4 Pancake 12.5 2000 40 
3 4 Pancake 12.5 2000 5 
4 4 Pancake 16 1200 5 
5 4 Pancake 16 1200 5 
6 4 Pancake 16 1200 5 
7 4 Pancake 16 1200 5 
8 4 Pancake 16 1200 5 
9 4 Pancake 16 2000 5 
10 4 Pancake 12.5 2000 5 
11 4 Pancake 12.5 2000 5 
12 4 Pancake 12.5 2000 5 
13 4 Pancake 12.5 2000 5 
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14 4 Bowl 12.5 1200 5 
15 4 Bowl 12.5 1200 5 
16 4 Pancake 12.5 1200 5 
17 4 Pancake 12.5 1200 5 
18 4 Pancake 12.5 750 0 
19 4 Pancake 12.5 750 0 
20 4 Pancake 12.5 750 0 
21 4 Pancake 12.5 750 0 
22 4 Pancake 12.5 750 0 
23 4 Pancake 12.5 750 0 
24 4 Pancake 12.5 1250 0 
25 4 Pancake 12.5 1250 0 
26 4 Pancake 12.5 1250 0 
27 1 Pancake 12.5 1200 5 
28 8 Pancake 12.5 1200 5 
29 4 Pancake 12.5 1200 5 
30 4 Pancake 12.5 1200 5 
31 4 Bowl 12.5 3750 0 
32 4 Bowl 12.5 3750 0 
33 4 Bowl 12.5 3750 0 
34 4 Bowl 12.5 1500 0 
35 4 Bowl 12.5 2250 0 
36 4 Bowl 12.5 3000 0 
37 4 Pancake 12.5 2000 5 
38 4 Pancake 12.5 2000 5 
39 4 Pancake 12.5 2000 5 
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40 4 Pancake 12.5 2000 5 
41 4 Pancake 12.5 2000 5 
42 4 Pancake 12.5 2000 5 
43 4 Pancake 12.5 2000 5 
44 4 Pancake 12.5 2000 5 
45 4 Bowl 12.5 1200 5 
46 4 Bowl 12.5 1200 5 
 
Table 2.8 - Parameters for intake temperature sweep study (part two) 
Sweep Phi Fuel Pin Twall Swirl 
 [-] [mg/cycle] [bar] [K] [-] 
1 - 12 1.1 400 0.93 
2 - 12 1.1 400 0.93 
3 0.26 - 1.1 400 0.93 
4 - 9 1.1 400 0.93 
5 - 12 1.1 400 0.93 
6 - 9 1.1 450 0.93 
7 - 13 1.1 400 0.93 
8 0.26 - 1.1 400 0.93 
9 0.26 - 1.1 400 0.93 
10 0.3 12 - 400 0.93 
11 0.4 12 - 400 0.93 
12 0.3 9 - 400 0.93 
13 - 12 1.1 400 0.93 
14 - 9 1.1 400 0.93 
15 - 9 1.1 450 0.93 
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16 - 9 1.1 400 0.93 
17 - 9 1.1 450 0.93 
18 - 9 1.1 400 0.93 
19 - 8 1.1 400 0.93 
20 - 7 1.1 400 0.93 
21 - 10 1.1 400 0.93 
22 - 11 1.1 400 0.93 
23 - 12 1.1 400 0.93 
24 - 7 1.1 400 0.93 
25 - 9 1.1 400 0.93 
26 - 11 1.1 400 0.93 
27 - 9 1.1 400 0.93 
28 - 9 1.1 400 0.93 
29 - 9 1.1 400 3.93 
30 - 9 1.1 400 3.93 
31 - 9 1.1 400 0.93 
32 - 7 1.1 400 0.93 
33 - 11 1.1 400 0.93 
34 - 9 1.1 400 0.93 
35 - 9 1.1 400 0.93 
36 - 9 1.1 400 0.93 
37 - 7 1.1 400 0.93 
38 - 8 1.1 400 0.93 
39 - 9 1.1 400 0.93 
40 - 10 1.1 400 0.93 
41 - 11 1.1 400 0.93 
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42 - 12 1.1 400 0.93 
43 - 13 1.1 400 0.93 
44 - 14 1.1 400 0.93 
45 - 9 1.1 400 3.93 
46 - 9 1.1 400 3.93 
 
2.6 Parametric Study Results  
For each parameter, the first set of data is the relationship between combustion 
efficiency, burning duration and ignition timing.  Because intake temperature sweep 
naturally creates a span of ignition timing, curves can be obtained for combustion 
efficiency and burning duration versus ignition timing.  
2.6.1 Equivalence Ratio 
Intake temperature sweep is performed for each of the two equivalence ratio 
cases: 0.3 (sweep 10) and 0.4 (sweep 11).  Then combustion efficiency (left) and burning 
duration (right) are plotted against ignition timing (Figure 2.16).  When ignition timing is 
early enough, there’s no discernable difference in combustion efficiency between these 
two equivalence ratio cases, but it is clear that the higher equivalence ratio case can 
endure later ignition timing to finish burning the majority of the mixture.  For the case 
with equivalence ratio at 0.3, ignition timing later than TDC has lower combustion 
efficiency than best possible combustion efficiency (peak combustion efficiency).  With 
later ignition timing, the combustion efficiency drops to an even lower number.  The 
combustion efficiency drops slowly in the beginning around TDC, but the slope gets 
steeper around 1 degree ATDC.  So there is a gradual change of the combustion 
efficiency slope between TDC and 1 degree after.  For the case with an equivalence ratio 
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of 0.4, the critical ignition timing where combustion efficiency starts to fall comes later 
than the 0.3 case.  It is around 4 degrees ATDC, but the change is more dramatic.  There 
is almost no transition period.  Combustion efficiency drops sharply from peak value. 
For burning duration, which is defined as the crank angle duration from 10% 
burned to 90% burned, the higher equivalence ratio case is substantially shorter than the 
lower equivalence ratio case over the span of ignition timing.  This means that the higher 
equivalence ratio case burns much faster than the lower equivalence ratio if ignition 
timing is about the same.   
2.6.2 Load 
Since equivalence ratio is already studied above, it is kept constant in the load 
study.  These two load cases have the same equivalence ratio of 0.3, providing that they 
have matching fueling rate and air supply.  One case has 9 milligrams of fuel per engine 
cycle (sweep 12); the other case has 12 milligrams of fuel per engine cycle (sweep 10). 
The result (Figure 2.17) is very encouraging.  There’s no discernable difference in 
combustion efficiency.  The peak combustion efficiency of three cases match with each 
other, as well as their transition periods and downward slopes.  There’s very slight 
difference in burning duration.  The higher load case has very small advantage on the 
burning speed.  Again, the difference is so small that no assertive statement can be made 
that a higher load burns faster. 
The difference between the equivalence ratio and load studies is very striking, 
which implies that HCCI combustion rate is more related to cylinder temperature, and 
less related to cylinder pressure.  More details are discussed in Chapter 3. 
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2.6.3 EGR 
EGR cases are compared with the same fuel quantity and intake pressure, which 
means that air is replaced by combustion products.  Three cases are compared with EGR 
level set at 5% (sweep 13), 20% (sweep 1), and 40% (sweep 2). 
The traditional definition of equivalence ratio only measures the air surplus, and it 
varies significantly among these three cases.  For 5% EGR, the equivalence ratio is in the 
range of 0.32 to 0.34; for 20% EGR, the range is about 0.41 to 0.43; and for 40%, the 
range is about 0.56 to 0.6.  However, if converting those combustion products into air 
with equivalent heat capacity, all three cases have a similar value of around 0.33. 
From Figure 2.18, both the combustion efficiency and burning duration are very 
close to each other across the three EGR cases.  Despite these three cases having huge 
differences in equivalence ratios according to the traditional definition, similar heat 
capacity of the cylinder charge keeps each combustion rate in pace with the others. 
2.6.4 Engine Speed 
Two engine speed cases are compared.  One has rpm set at 1200 (sweep 8); the 
other has rpm set at 2000 (sweep 9).  The results are shown in Figure 2.19. 
At very early ignition timing, peak combustion efficiency of the two cases are 
very close.  As ignition timing gets later, the higher rpm case hits the critical ignition 
timing first, after which combustion efficiency takes a sharp downturn.  The burning 
duration of the two cases are obviously separated from each other.  The difference is 
smaller when ignition timing is early, but diverges when ignition timing gets later.  The 
effect of engine speed is two-folded.  On one hand, it affects the time for chemistry; on 
the other hand, it alters the time for heat transfer.  This is discussed in next chapter. 
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2.6.5 Wall Temperature and Swirl 
Because both wall temperature and swirl impose similar effects on HCCI 
combustion, it is better to group them together.  Four cases with two wall temperatures 
and two swirl numbers are compared.  The case with low wall temperature (400 K) and 
low swirl number (0.93) is sweep 16; the case with high wall temperature (450 K) and 
low swirl is sweep 17; the case with low wall temperature and high swirl number (3.93) 
is sweep 29; and the case with high wall temperature and high swirl number is sweep 30. 
Figure 2.20 shows that moderate separation are prevalent for all cases.  Peak 
combustion efficiency is still close across cases when ignition timing is very early.  When 
ignition timing gets later, the first case to undergo combustion deterioration is the case 
with low wall temperature and high swirl number.  On the opposite, the case with high 
wall temperature and low swirl number endure the latest ignition timing to see its 
combustion efficiency gets reduced. 
The burning duration is consistent with the combustion efficiency trend.  The case 
with high wall temperature and low swirl number burns the fastest; the case with low 
wall temperature and high swirl number is the slowest. 
The relative importance of wall temperature and swirl number is leaning toward 
swirl number under this study.  Both the combustion efficiency and the burning duration 
curves show that cases with the same swirl number are closer than cases with the same 
wall temperature. 
2.6.6 Piston Geometry 
In diesel engines, the piston geometry is a very important factor for combustion.  
In the HCCI engine, the shape may not bear the same significance as in a diesel engine; 
but it still alters the heat transfer in certain way.  Two geometries are compared.  One has 
a flat piston top (sweep 16), which make the cylinder chamber at TDC look like a 
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pancake; the other has a bowl shape in the piston (sweep 14).  Both compression ratios 
are kept the same at 12.5. 
Again, there’s no difference in peak combustion efficiency (Figure 2.21).  The 
bowl shape piston case starts the combustion efficiency downturn earlier, but the slope is 
less steep.  The burning duration of the two cases is moderately separated from each 
other.  The pancake case burns quicker, and on average it spends three less crank angles 
to burn from 10% to 90%. 
2.6.7 Crevice Volume 
Crevice volume has been the major contributor to unburned HC in spark ignited 
engine.  For the HCCI engine, it also can be the contributor.  Three cases are compared 
with different crevice volume.  Sweep 27 has a crevice volume set at 1% of the cylinder 
volume when piston is at TDC; sweep 16 has 4%; and sweep 28 has 8%. 
This is the only comparison that results in different peak combustion efficiency 
(Figure 2.22).  The critical ignition timing for combustion deterioration is close, the 
combustion efficiency downward slopes are close, and the burning durations are close. 
The difference in peak combustion efficiency is large.  The case with 1% crevice 
has peak combustion efficiency close to 100%; while the case with 8% crevice has peak 
combustion efficiency only in the mid 80%. 
2.6.8 Compression Ratio 
Compression ratio is very influential on ignition timing.  In fact, a small 
percentage change in compression ratio results in huge swing of ignition timing.  To 
compare two compression ratios under the same ignition timing requires a large intake 
temperate compensation for the low compression ratio cases. 
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One case has a compression ratio set at 12.5 (sweep 3); the other has compression 
ratio set at 16 (sweep 9). 
Figure 2.23 shows that a higher compression ratio has slightly higher peak 
combustion efficiency, but the difference is very small.  The critical ignition timing and 
combustion efficiency downturn slopes are also very close. 
There is a unique feature about compression ratio comparison with regard to 
burning duration.  In all the previous comparisons, the burning duration curves are either 
close to each other or separated.  In this comparison, the burning duration curves are 
separated when ignition timing is early, but they start to converge when ignition timing 
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Figure 2.1 - Relationship between combustion efficiency, burning duration and 
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Figure 2.2 - - Relationship between combustion efficiency, burning duration and 
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Figure 2.3 - Relationship between combustion efficiency, burning duration and 






























Figure 2.4 - Combustion rate comparison for four iso-octane chemical mechanisms 






























Figure 2.5 - Combustion rate comparison for four iso-octane chemical mechanisms 
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Figure 2.6 - Combustion rate comparison for three KIVA grid sizes under early 
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Figure 2.7 - Combustion rate comparison for three KIVA grid sizes under late 
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Figure 2.9 - KIVA-MZ heat release rate validation against Sandia engine 






















Crank Angle [Degree ATDC]  





















































































































































































































































Figure 2.11 - Cumulative temperature mass distribution of three cases 
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Figure 2.15 – KIVA-MZ Cylinder temperature mass distribution comparison for 
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Figure 2.16 - Relationship between combustion efficiency, burning duration and 






































Ignition Timing (1% fuel) [Degree ATDC]  
Figure 2.17 - Relationship between combustion efficiency, burning duration and 









































Ignition Timing (1% fuel) [Degree ATDC]  
Figure 2.18 - Relationship between combustion efficiency, burning duration and 








































Ignition Timing (1% fuel) [Degree ATDC]  
Figure 2.19 - Relationship between combustion efficiency, burning duration and 
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Ignition Timing (1% fuel) [Degree ATDC]  
Figure 2.20 - Relationship between combustion efficiency, burning duration and 
ignition timing for four intake temperature sweeps with two different wall 








































Ignition Timing (1% fuel) [Degree ATDC]  
Figure 2.21 - Relationship between combustion efficiency, burning duration and 





































 burned ) [D
egree]
Ignition Timing (1% fuel) [Degree ATDC]  
Figure 2.22 - Relationship between combustion efficiency, burning duration and 






































Ignition Timing  (1% fuel) [Degree ATDC]  
Figure 2.23 - Relationship between combustion efficiency, burning duration and 
ignition timing for two intake temperature sweeps with different compression ratio 
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CHAPTER 3 
ENGINE OPERATING PARAMETERS 
In this chapter, engine operating parameters are analyzed in detail with regard to 
their effects on ignition timing, combustion efficiency and burning rate.  Equivalence 
ratio, load, EGR, and engine speed are examined with in-cylinder temperature 
distribution data.  Unlike design parameters, operating parameters change frequently 
during engine operation, so the results in this chapter are more pertinent to engine 
controller development. 
For each parameter, there’re two sets of comparisons.  First set of comparison 
focuses on the variation in the parameter itself, and the attention is on how this parameter 
affects the ignition timing; second set of comparison focus on how the parameter under 
study can impact combustion speed under the same ignition time. 
This chapter and the next are the extensions of the section 2.6 of Chapter 2, where 
overall sweep results are presented.  This chapter and next are focusing on comparison of 
individual pair of matching points.  In-cylinder data is used to support the observation 
made in the section 2.6 of Chapter 2. 
 
3.1 Equivalence ratio 
The main advantages of HCCI are derived from its lean burning, so equivalence 
ratio is low in HCCI engines.  Conceptually, HCCI combustion is a series of auto ignition 
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happening across the cylinder chamber and over the time period when piston is near the 
TDC.  The adiabatic combustion temperature is very important for overall heat release 
rate.  For a richer mixture, its higher combustion temperature at the beginning can heat up 
the cylinder mixture in a greater level so that the rest of the unburned mixture reaches 
ignition criteria earlier.  So hotter combustion and earlier ignition get into an escalating 
effect to speed up the combustion. 
3.1.1 Open end parametric study 
In this study, the fueling rate is kept at constant of 12 milligrams per cycle, and 
two values of initial pressure are chosen to supply the cylinder with different air 
quantities.  These two cases have equivalence ratio of 0.3 and 0.4.  Case 1098 from 
sweep 10 has equivalence ratio at 0.3; case 1106 from sweep 11 has equivalence ratio at 
0.4.  Table 3.1 shows the parameters of these two cases. 
 
Table 3.1- Parameters for open end parametric study of two cases with two 
equivalence ratios 
 CASE 1098 CASE 1106 
Intake temperature (K) 485 485 
Intake pressure (bar) 1.282 0.963 
Equivalence ratio 0.3 0.4 
Compression ratio 12.5 12.5 
Engine speed (rpm) 2000 2000 
Fueling rate (mg/cycle) 12 12 
Ignition timing (ATDC) -2.69 2.16 
Combustion efficiency (%) 93.39 93.75 
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Equivalence ratio is a very important operating variable in HCCI engine with 
regard to ignition.  It can impact the ignition process in two major ways.  First, the 
gamma value affects the compression temperature of the charge during the compression 
stroke, thus ignition timing is altered.  Second, the species concentration varies the 
temperature threshold of ignition. 
Case 1098 with leaner mixture has ignition timing more than 4.5 degrees earlier 
than case 1106.  Figure 3.1 shows that the low equivalence ratio case has higher peak 
cylinder temperature before ignition, which indicates that the gamma value effect 
overweighs the composition effect on ignition timing. 
To further analyze the reason causing the earlier ignition of leaner mixture, two 
additional KIVA3V-MZ runs are made.  One run has the heat transfer simulation turned 
off; the other run has both the chemical kinetics simulation and the heat transfer 
simulation turned off.  So, there are three cases for comparison.  The original one having 
all the physics models active is assigned the name “normal”, the second one having no 
heat transfer model is with name “adiabatic”, and the third one having neither heat 
transfer nor chemistry model is with name “inert-adiabatic”.  Without heat transfer, both 
“adiabatic” and “inert-adiabatic” have higher cylinder temperature than “normal” (Figure 
3.6), but the temperature difference between the lean and the rich mixture still exists, 
which tells that equivalence ratio difference won’t cause heat transfer variation.  The 
difference between “inert-adiabatic” and “adiabatic” is the chemistry, and it is 
discernable that richer mixture does ignite at a slightly lower cylinder temperature.  
However, the chemistry advantage in the high equivalence ratio mixture couldn’t offset 
the temperature disadvantage.  The temperature separation between these two 
equivalence ratios cases is about 20 Kelvin in all three simulations. 
Both cases have good combustion efficiencies, and they are very close in value 
(Figure 3.2).  Figure 3.3 shows that the burning rates for these two cases are very close in 
shape even though the phasing is widely apart.  This observation is quite unique as none 
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of the parameters in the following analysis has the same pattern.  The isooctane 
composition plot (Figure 3.5) shows that both cases have about the same level of 
unburned fuel, while CO composition plot (Figure 3.4) shows that the lean mixture has 
slightly more freezing CO concentration at the end. 
The gamma value of the mixture plays an important role in the ignition timing 
because of the compression heating effect.  Richer mixture has later ignition timing; 
however, it has higher combustion temperature and can endure much later ignition to 
finish with good combustion efficiency. 
3.1.2 Sweep Study Revisit 
In the section 2.6 of Chapter 2, Figure 2.16 has both combustion efficiency and 
burning duration comparisons for two equivalence ratio.  Intake temperature sweep 
creates a span of ignition timing, which is used as “X” axis.  Two “Y” axes are the 
combustion efficiency and the burning duration. 
The shapes of combustion efficiency and burning duration curves are quite 
different.  The burning duration curve is gradually increasing when the ignition timing 
gets later.  The combustion efficiency curve is flat when the ignition timing is earlier than 
a certain transition point, but the slope changes downward dramatically after that critical 
ignition timing point.  So the comparison between the burning duration is on the base of 
overall curve matching; while the comparison of the combustion efficiency has three 
specific matching points: the flat part when ignition timing is early; the ignition timing at 
the transition point; and the combustion deterioration slope.  This comparison framework 
is applied in all the other parameters. 
Figure 2.16 shows that the burning duration curves are widely apart.  For any 
given ignition timing, the rich mixture burns much faster than the lean mixture.  Both 
cases have similar peak combustion efficiency, which is the flat part of the curve.  The 
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lean mixture has the transition point at around TDC; while the rich mixture’s transition 
point is around 4 degrees ATDC.  The downward slopes for both cases are similar.  With 
similar ignition timing, the richer mixture has much faster heat release, which helps 
combustion completeness.  The lean mixture misfires at a much earlier ignition timing. 
To understand the detailed evolution of the cylinder content, two points are 
picked up with similar ignition timing, and comparisons are made in the following 
section. 
3.1.3 Filtered Parametric Study 
Table 3.2 lists the values for two cases with very close ignition timing.  Case 1098 
from sweep 10 is with low intake temperature and low equivalence ratio; case 1110 from 




Table 3.2 - Parameters for filtered parametric study of two cases with two 
equivalence ratio 
 CASE 1098 CASE 1110 
Intake temperature (K) 485 497.5 
Intake pressure (bar) 1.2819 0.9878 
Equivalence ratio 0.3 0.4 
Engine speed (rpm) 2000 2000 
Compression ratio 12.5 12.5 
Fuelling rate 12 12 
Ignition Timing (ATDC) -2.689 -2.35 
Combustion efficiency (%) 93.39 93.78 
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An addition of 12.5 degrees in intake temperature for the rich mixture is needed to 
compensate the gamma effect to realize close ignition timings.  Figure 3.7 records the 
temperature distributions from 10 degrees BTDC to 35 degrees ATDC with five degrees 
increment.  Both cases have ignition timing at about 2.5 degrees BTDC, where case 1098 
is about 0.3 degrees earlier.  The temperature distribution at TDC is close.  Most dramatic 
change happens between TDC and five degrees after.  At five degrees ATDC, Case 1110 
demonstrates higher degree of combustion completeness, with majority of the mass 
residing in high temperature region; while Case 1098 shows more even distribution of 
temperature.  Cylinder maximum temperature comparison shows that the peak 
temperature of Case 1110 is about 300 K lower than that of Case 1098. 
The mass fraction burning rate comparison plot (Figure 3.9) shows that Case 1110 
has much higher peak heat release rate, which finishes several degrees earlier than Case 
1098.  The combustion efficiencies (Figure 3.8) are about the same since the ignition 
timings are early enough to finish the burning.  Isooctane compositions match well 
between these two cases; while CO composition for the rich mixture has much lower 
peak value and diminishes much earlier. 
With similar ignition timing, the richer mixture is burning at a faster pace due to 
its significantly higher combustion temperature. 
 
3.2 Load 
In this load comparison, the fuel quantity and air quantity are changed 
proportionally to provide the same equivalence ratio, which is 0.3.  So intake pressure 
effect on ignition can be investigated. 
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3.2.1 Open End Parametric Study 
Case 1098 from sweep 10 has 12 milligrams of isooctane per cycle; and Case 
1117 from sweep 12 has 9 milligrams of isooctane per cycle.  Parameters are listed in the 
following table. 
Table 3.3 - Parameters for open end parametric study of two cases with two loads 
 CASE 1098 CASE 1117 
Intake temperature (K) 485 485 
Intake pressure (bar) 1.282 0.962 
Equivalence ratio 0.3 0.3 
Compression ratio 12.5 12.5 
Engine speed (rpm) 2000 2000 
Fueling rate (mg/cycle) 12 9 
Ignition timing (ATDC) -2.69 -0.15 
Combustion efficiency 93.39 92.17 
 
Two temperature distribution plots at 10 and 5 degrees BTDC in Figure 3.12 
show that there’s only slight difference in temperature distribution between these two 
cases before ignition.  Case 1098 has discernable lead on ignition timing due to its much 
higher cylinder pressure at the intake. 
After combustion, the low load case has slightly higher peak cylinder temperature 
due to its late combustion.  Figure 3.13 and Figure 3.14 show cumulative and 
instantaneous mass burning rate, which are consistent with CO and isooctane 
composition (Figure 3.15 and Figure 3.16). 
Intake pressure does have impact on ignition timing.  Higher intake pressure leads 
to earlier ignition. 
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3.2.2 Sweep Study Revisit 
Figure 2.17 shows very good match between these two load cases.  Over the 
whole span of ignition timing, combustion efficiency and burning during are almost 
identical.  This observation shows that cylinder pressure can only affect the early part of 
the ignition.  What will happen next is more related to cylinder temperature than cylinder 
pressure.  This load comparison forms sharp contrast to the result of equivalence ratio 
study (Figure 2.16).  The conclusion from this comparison is that cylinder temperature is 
a much more dominant factor than cylinder pressure for combustion rate after ignition. 
3.2.3  Filtered Parametric Study 
Case 1093 from sweep 10 has 12 milligrams of isooctane per cycle; and case 1116 
from sweep 12 has 9 milligrams of isooctane per cycle.  Table 3.4 shows the parameters 
for this comparison. 
 
Table 3.4 - Parameters for filtered parametric study of two cases with two load 
 CASE 1093 CASE 1116 
Intake temperature (K) 474 482.5 
Intake pressure (bar) 1.253 0.9566 
Equivalence ratio 0.3 0.3 
Engine speed (rpm) 2000 2000 
Compression ratio 12.5 12.5 
Fuelling rate (mg/cycle) 12 9 
Ignition Timing (ATDC) 1.125 1.128 
Combustion efficiency 90.99 90.42 
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It takes about 9 degrees difference in intake temperature to compensate the initial 
pressure effect to get similar ignition timing.  It is not surprising that case 1116 has 
slightly higher peak cylinder temperature before first ignition.  Figure 3.17 shows superb 
matching between these two cases.  The same level of similarity is also evident in Figure 
3.18 and Figure 3.19.  Isooctane composition (Figure 3.21) starts with slightly different 
value.  However, the timings to reach the freezing value for both cases are very close.  So 
far, the biggest variation between these two cases is the CO composition (Figure 3.20), 
case 1093 has higher peak value, and declines at a slightly later ignition timing. 
The combustion rate under the same ignition timing is amazingly constant.  So 
intake pressure only causes the difference in first ignition timing, but for the same 
ignition timing, the following combustion rate is independent from initial pressure. 
 
3.3 EGR 
Under constant initial pressure and constant fueling rate, the difference of EGR 
fraction is the trading between fresh air and burned gases.  The major change of EGR 
percentage in HCCI combustion is the gamma value, heat capacity, and oxygen 
concentration.  Since less EGR percentage has higher gamma value and higher oxygen 
composition, cases with less EGR percentage have earlier ignition timing. 
3.3.1 Open End Parametric Study 
Table 3.5 lists the parameters of three EGR percentage cases.  Case 1131 from 
sweep 13 has EGR percentage at 5%; case 1006 from sweep 1 has 20% EGR; and case 




Table 3.5 - Parameters for open end parametric study of three cases with three EGR 
 CASE 1131 CASE 1006 CASE 1014 
Intake temperature (K) 490 490 490 
Intake pressure (bar) 1.1 1.1 1.1 
Equivalence ratio 0.3535 0.4219 0.5686 
Compression ratio 12.5 12.5 12.5 
EGR (%) 5 20 40 
Engine speed (rpm) 2000 2000 2000 
Fueling rate (mg/cycle) 12 12 12 
Ignition timing (ATDC) -1.99 -0.76 2.44 
Combustion efficiency 93.46 93.4 92.4 
 
There’s some moderate difference in ignition timing.  Because of the gamma 
value effect, the peak cylinder temperature before ignition is in a neat order, as 
demonstrated by plots at 10 and 5 degrees BTDC in Figure 3.22.  Higher EGR percentage 
cases result in lower peak cylinder temperature before combustion. 
The combustion efficiency of all cases are very close (Figure 3.23) despite of the 
difference in burning rate (Figure 3.24).  Also, the CO composition (Figure 3.25) and 
isooctane composition (Figure 3.26) have similar peak and freezing values.  
3.3.2 Sweep Study Revisit 
Just like the load study, Figure 2.18 shows amazing overlap between three EGR 
sweeps.  In other words, the combustion rate is invariant to EGR ratio if the ignition 
timing is the same. 
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3.3.3 Filtered Parametric Study 
Case 1005 from sweep 1 has EGR level at 20%; case 1016 from sweep 2 has EGR 
level at 40%.  Table 3.6 lists the parameters for this comparison. 
 
Table 3.6 - Parameters for filtered parametric study of three cases with three EGR 
 CASE 1005 CASE 1016 
Intake temperature 485 495 
Intake pressure 1.1 1.1 
Equivalence ratio 0.33 0.33 
Engine speed 2000 2000 
Compression ratio 12.5 12.5 
Fuelling rate 12 12 
EGR (%) 20 40 
Ignition Timing (ATDC) 0.872 0.658 
Combustion efficiency 93.51 93.41 
The temperature compensation is 10 degrees. The temperature distribution curves 
(Figure 3.27) are strikingly similar.  The comparisons on cumulative burned (Figure 3.28) 
and instant burning rate (Figure 3.29) are also very similar.  CO (Figure 3.30) and 
isooctane (Figure 3.31) composition also match each other very well. 
 
3.4 Engine speed 
Engine speed has two effects on the HCCI combustion: time for heat transfer and 
time for chemistry.  Slow engine speed gives more time for heat transfer as well as 
chemical reaction.  Generally, these two effects work against each other with respect to 
ignition timing and combustion speed. 
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3.4.1 Open End Parametric Study 
Case 1078 from sweep 8 has engine speed set at 1200 rpm; and case 1084 from 
sweep 9 has engine speed set at 2000 rpm. 
 
Table 3.7 - Parameters for open end parametric study of three cases with two engine 
speed 
 CASE 1078 CASE 1084 
Intake temperature (K) 440 440 
Intake pressure (bar) 1.1 1.1 
Equivalence ratio 0.26 0.26 
Compression ratio 16 16 
Engine speed (rpm) 1200 2000 
Fueling rate (mg/cycle) 9.85 9.85 
Ignition timing (ATDC) -4.95 -1.85 
Combustion efficiency 93.58 92.50 
 
At 10 degrees BTDC, the temperature distribution (Figure 3.32) is favoring case 
1084 to ignite earlier since its curve is on the lower-right side.  Shorter heat transfer 
timing is helping case 1084 retaining the cylinder temperature.  However, plot at 5 
degrees BTDC center shows that the lower speed case does ignite earlier.  Figure 3.35 
shows that CO composition rises up much earlier for case 1078. 
The final combustion efficiency (Figure 3.33) is close for both speed cases, but 
the phasing is obviously staged (Figure 3.34).  Case 1078 leads ignition timing by about 3 
degrees, and its mass fraction burning rate reaches a higher peak value at an earlier 
ignition timing. 
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3.4.2 Sweep Study Revisit 
Figure 2.19 shows that the comparison of two engine speed sweeps.  Burning 
duration curves have decent separation between them.  The difference in burning duration 
is smaller when the ignition timing is earlier.  This trend is consistent with the 
combustion efficiency invariance at early ignition condition. 
When ignition timing gets later, the high engine speed case starts to misfire at an 
earlier ignition timing. 
3.4.3 Filtered Parametric Study 
Case 1074 from sweep 1 has engine speed set at 1200; case 1083 from sweep 2 
has engine speed set at 2000.  Table 3.8 lists their other parameters. 
 
Table 3.8 - Parameters for filtered parametric study of two cases with two engine 
speeds 
 CASE 1074 CASE 1083 
Intake temperature (K) 422.5 435 
Intake pressure (bar) 1.1 1.1 
Equivalence ratio 0.251 0.251 
Engine speed (rpm) 1200 2000 
Compression ratio 16 16 
Ignition Timing (ATDC) -0.390 -0.334 
Combustion efficiency 90.87 88.05 
 
Twelve degrees of intake temperature compensation evens the ignition timings for 
these two cases.  The cylinder temperature difference is quite noticeable before and after 
combustion (Figure 3.37).  Before ignition, case 1083 has higher temperature due to both 
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less heat loss and higher intake temperature.  After combustion, case 1083 has higher 
temperature due to both less heat transfer and slower heat release (Figure 3.39). 
Despite of the same ignition timing, the mass burning rate is different.  The low 
engine speed case has much faster combustion and finishes with higher combustion 
efficiency (Figure 3.38).   The main combustion inefficiency comes from the partial 
oxidation, as isooctane composition reaches a fairly low level (Figure 3.41), while CO 





















































































































































































































































Figure 3.1 - Cumulative temperature mass distribution comparison under open end 





























Crank Angle [Degree ATDC]  
Figure 3.2 - Mass fraction burned comparison under open end parametric study for 































Crank Angle [Degree ATDC]  
Figure 3.3 - Mass fraction burning rate comparison under open end parametric 





















Crank Angle [Degree ATDC]  
Figure 3.4 - CO composition comparison under open end parametric study for two 






















Crank Angle [Degree ATDC]  
Figure 3.5 - Isooctane composition comparison under open end parametric study for 
































Crank Angle [Degree ATDC]  
Figure 3.6 - Cylinder temperature comparison for two equivalence ratios under 





















































































































































































































































Figure 3.7 - Cumulative temperature mass distribution comparison under filtered 




























Crank Angle [Degree ATDC]  
Figure 3.8 - Mass fraction burned comparison under filtered parametric study for 






























Crank Angle [Degree ATDC]  
Figure 3.9 - Mass fraction burning rate comparison under filtered parametric study 





















Crank Angle [Degree ATDC]  
Figure 3.10 - CO composition comparison under filtered parametric study for two 






















Crank Angle [Degree]  
Figure 3.11 - Isooctane composition comparison under filtered parametric study for 




















































































































































































































































Figure 3.12 - Cumulative temperature mass distribution comparison under open 




























Crank Angle [Degree ATDC]  
Figure 3.13 - Mass fraction burned comparison under open end parametric study 































Crank Angle [Degree ATDC]  
Figure 3.14 - Mass fraction burning rate comparison under open end parametric 





















Crank Angle [Degree ATDC]  
Figure 3.15 - CO composition comparison under open end parametric study for two 






















Crank Angle [Degree]  
Figure 3.16 - Isooctane composition comparison under open end parametric study 





















































































































































































































































Figure 3.17 - Cumulative temperature mass distribution comparison under filtered 




























Crank Angle [Degree ATDC]  
Figure 3.18 - Mass fraction burned comparison under filtered parametric study for 






























Crank Angle [Degree ATDC]  
Figure 3.19 - Mass fraction burning rate comparison under filtered parametric 





















Crank Angle [Degree ATDC]  
Figure 3.20 - CO composition comparison under filtered parametric study for two 






















Crank Angle [Degree ATDC]  
Figure 3.21 - Isooctane composition comparison under filtered parametric study for 






















































































































































































































































Figure 3.22 - Cumulative temperature mass distribution comparison under open 






























Crank Angle [Degree ATDC]  
Figure 3.23 - Mass fraction burned comparison under open end parametric study 





























Crank Angle [Degree ATDC]  
Figure 3.24 - Mass fraction burning rate comparison under open end parametric 


























Crank Angle [Degree ATDC]  
Figure 3.25 - CO composition comparison under open end parametric study for 























Crank Angle [Degree ATDC]  
Figure 3.26 - Isooctane composition comparison under open end parametric study 





















































































































































































































































Figure 3.27 - Cumulative temperature mass distribution comparison under filtered 




























Crank Angle [Degree ATDC]  
Figure 3.28 - Mass fraction burned comparison under filtered parametric study for 





























Crank Angle [Degree ATDC]  
Figure 3.29 - Mass fraction burning rate comparison under filtered parametric 























Crank Angle [Degree ATDC]  
Figure 3.30 - CO composition comparison under filtered parametric study for two 






















Crank Angle [Degree ATDC]  
Figure 3.31 - Isooctane composition comparison under filtered parametric study for 





















































































































































































































































Figure 3.32 - Cumulative temperature mass distribution comparison under open 




























Crank Angle [Degree ATDC]  
Figure 3.33 - Mass fraction burned comparison under open end parametric study 





























Crank Angle [Degree ATDC]  
Figure 3.34 - Mass fraction burning rate comparison under open end parametric 





















Crank Angle [Degree ATDC]  
Figure 3.35 - CO composition comparison under open end parametric study for two 

























Crank Angle [Degree ATDC]  
Figure 3.36 - Isooctane composition comparison under open end parametric study 





















































































































































































































































Figure 3.37 - Cumulative temperature mass distribution comparison under filtered 




























Crank Angle [Degree ATDC]  
Figure 3.38 - Mass fraction burned comparison under filtered parametric study for 































Crank Angle [Degree ATDC]  
Figure 3.39 - Mass fraction burning rate comparison under filtered parametric 






















Crank Angle [Degree ATDC]  
Figure 3.40 - CO composition comparison under filtered parametric study for two 

























Crank Angle [Degree ATDC]  
Figure 3.41 - Isooctane composition comparison under filtered parametric study for 





ENGINE DESIGN PARAMETERS 
In this chapter, five engine design parameters are investigated in detail.  Swirl 
number, piston geometry, crevice volume, and compression ratio are examined with in-
cylinder data like species concentration and temperature distribution. 
The previous chapter investigated the engine operating parameters; while this 
chapter focuses on engine design parameters.  As demonstrated in the previous chapter, 
the impact on combustion rate by operating parameters is mainly by the average 
combustion temperature.  Design parameters are believed to be effective in other 
mechanisms like cylinder temperature distribution.  How do these design parameters 
affect ignition timing?  What’s the fundamental reason behind the observation made in 
the section 2.6?  For combustion efficiency, what’s the contribution from ignition timing 
and the design parameter?  These questions are answered in this chapter. 
 
4.1 Swirl Number and Wall Temperature 
Swirl number is defined as the ratio of bulk gas rotational speed to the engine 
speed.  Swirl is a common way to introduce higher level of turbulence in the cylinder.  
Other than the mixing effect, the other major role swirl can play in HCCI engine is the 
cylinder wall heat transfer.  Higher swirl level can enhance the heat transfer between the 
cylinder charge and cylinder wall as demonstrated in Chang’s thesis [2005].  Because the 
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swirl number is studied under the context of cylinder wall heat transfer, cylinder wall 
temperature is also included in this study. 
The significance of heat transfer for HCCI is evident from UM HCCI test engine 
results.  Experiment on coolant temperature variation [Chang, 2004] shows that 10 degree 
Celsius difference of coolant temperature can result in 5 CAD difference in ignition 
timing.  
In this thesis, the term “wall temperature” is used to represent all three 
temperatures of engine parts: piston, head, and cylinder wall.  The cylinder wall 
temperature is “wall temperature” itself, the head temperature is 10 degrees Kelvin higher 
than “wall temperature”, and piston temperature is 20 degrees Kelvin higher than “wall 
temperature”. 
4.1.1 Open End Parametric Study 
Four cases are picked up with high-low combination of two wall temperatures and 
two swirl numbers.  Case 1157 from sweep 16 has low wall temperature (400 K) and low 
swirl number(0.93); case 1167 from sweep 17 has high temperature (450 K) and low 
swirl number; case 1273 from sweep 29 has low temperate and high swirl number(3.93); 
and case 1282 from sweep 30 has high temperature and high swirl number.  Table 4.1 










Table 4.1 - Parameters for open end parametric study of four cases with two swirl 
numbers and two wall temperatures 
 CASE 1157 CASE 1167 CASE 1273 CASE 1282 
Intake temperature (K) 470 470 470 470 
Intake pressure (bar) 1.1 1.1 1.1 1.1 
Equivalence ratio 0.2538 0.2538 0.2538 0.2538 
Compression ratio 12.5 12.5 12.5 12.5 
Engine speed (rpm) 1200 1200 1200 1200 
Wall temperature (K) 400 450 400 450 
Swirl ratio  0.93 0.93 3.93 3.93 
Fueling rate (mg/cycle) 9 9 9 9 
Ignition timing (ATDC) -1.12 -2.62 -0.01 -1.88 
Combustion efficiency (%) 90.53 92.65 79.88 89.72 
 
Case 1167 has the earliest ignition timing at 2.62 BTDC; case 1273 has the latest 
ignition timing at about the TDC; and case 1157 and 1282 are in between with 0.76 
degrees apart in ignition timing.  Even though the difference in ignition timing is not 
large, it is apparent that swirl number and wall temperature do change the ignition timing. 
Before ignition, as indicated in the temperature distribution plots at 10 and 5 
degrees BTDC in Figure 4.1, case 1167 has the highest peak temperature, and the whole 
curve is in the lower-right corner, which indicates overall higher temperature mass 
distribution.  On the other hand, case 1273 has the overall lowest temperature.  There’s a 
crossover between case 1157 and 1282.  Case 1282 has a little bit higher peak 
temperature, which shows that the cylinder wall temperature does impact on the deepest 
core of the cylinder charge.  However, at the same time; it has more mass in low 
temperature region due to the stronger swirl level before combustion. 
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Case 1167 with the earliest ignition has the highest combustion efficiency; and 
case 1273 has the most sluggish combustion (Figure 4.2 and Figure 4.3), which having 
combustion efficiency significantly lower than the rest three cases.  While case 1167 and 
1273 fall into the order of “earlier ignition leading to higher combustion efficiency”, case 
1157 and 1282 aren’t in that order.  The relationship between combustion efficiency and 
ignition timing is reversed.  It’s no surprise since the crossover in temperature 
distribution curve has already been reviewed (Figure 4.1).  Case 1282 has higher peak 
temperature before ignition because of the higher wall temperature, which helps igniting 
earlier; also, it has more mass in the boundary layer, which contributes to greater 
combustion inefficiency. 
Combustion inefficiency comes from two major sources.  One is from crevice 
volume and boundary layer (boundary layer inefficiency); the other is from the partial 
oxidation of the bulk gas (partial oxidation inefficiency).  When ignition timing is early 
enough, majority of the combustion inefficiency is from the first source.  When ignition 
timing is later than certain threshold, partial oxidation occurs.  The likelihood of each 
mechanism can be measured by the freezing composition of CO and isooctane 
concentration.  CO concentration is a good indicator for partial oxidation mechanism 
(Figure 4.4); while isooctane concentration is good indicator for boundary layer 
mechanism (Figure 4.5). 
Figure 4.4 and Figure 4.5 show that the combustion inefficiencies of case 1157 
and 1282 are mainly from partial oxidation mechanism, while case 1273 has both 
mechanisms in effect. 
Both wall temperature and swirl number have effects on the peak temperature of 
the cylinder charge.  Higher wall temperature and low swirl number case has higher peak 
cylinder temperature and earlier ignition. 
Higher swirl case has more cylinder mass in low temperature region, which is in 
the boundary layer.  This contributes to combustion inefficiency. 
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Above study does have variable ignition timing, so it doesn’t provide the right 
information to explain the observation in the Figure 2.20.  Following section has four 
cases with similar ignition timing, and it provides more insight on the combustion 
efficiency and heat release rate. 
4.1.2 Sweep Study Revisit 
  Either wall temperature or swirl can cause difference in combustion efficiency 
and burning duration (Figure 2.20).  When ignition timing is very early, the peak 
combustion efficiencies for all four cases are very close.  When ignition timing is later 
than 6 degrees BTDC, combustion efficiency is consistent with burning duration in the 
order of “faster combustion leading to higher combustion efficiency”.  The order of 
combustion efficiency from higher to lower is in the order of “high wall, low swirl”, “low 
wall, low swirl”, “high wall, high swirl”, and “low wall, high swirl”. 
4.1.3 Filtered Parametric Study 
Table 4.2 lists the parameters for the four cases with very close ignition timing.  
Ideally, comparison should be made with identical ignition timing, which is the crank 
angle location where 1% fuel is burned.  However, ignition timing is not directly 
controlled, so trial and error method is used to get similar values in ignition timing, but 
not identical. 
Case 1156 from sweep 16 has low wall temperature (400 K) and low swirl (0.93); 
case 1164 from sweep 17 has high temperature (450 K) and low swirl; case 1273 from 
sweep 29 has low temperate and high swirl (3.93); and case 1280 from sweep 30 has high 
temperature and high swirl. 
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Table 4.2 - Parameters for filtered parametric study of four cases with two swirl 
numbers and two wall temperatures 
 
With intake temperature compensation, the peak cylinder temperatures are very 
comparable before ignition as shown in the temperature distribution plots at 10 and 5 
BTDC in Figure 4.6.  When ignition timing is early enough, like 5 degrees BTDC, 
combustion efficiencies for all four cases are very similar (Figure 2.20).  This shows that 
wall temperature and swirl number only have limited effect on boundary layer 
inefficiency, but they do have effects on partial oxidation inefficiency and heat release 
rate when ignition timing isn’t very early.  Figure 4.7 shows that combustion efficiency 
of these four cases is separated despite of the similar heat release rate pattern in Figure 
4.8.  Figure 4.9 shows significant separation in CO composition; while Figure 4.10 
doesn’t show much difference in isooctane composition.  The intake temperatures 
variation can make the peak cylinder temperatures close for all four cases, but the 
temperature distribution has its characteristics: high wall temperature and low swirl case 
has less mass in low temperature region. 
 CASE 1156 CASE 1164 CASE 1273 CASE 1280 
Intake temperature (K) 467.5 462.5 470 465 
Intake pressure (bar) 1.1 1.1 1.1 1.1 
Equivalence ratio 0.2538 0.2538 0.2538 0.2538 
Compression ratio 12.5 12.5 12.5 12.5 
Engine speed (rpm) 1200 1200 1200 1200 
Wall temperature (K) 400 450 400 450 
Swirl ratio  0.93 0.93 3.93 3.93 
Ignition timing -0.286 -0.326 -0.01 -0.268 
Combustion efficiency 88.2 89.68 79.88 83.81 
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Temperature distribution plot at 10 degrees ATDC (Figure 4.6) shows that at the 
peak of heat release, the cylinder temperature distribution is fairly linear.  This implies 
that substantial mass of each temperature range are present in the cylinder.  In HCCI 
engine, heat release is happening anywhere and everywhere in the cylinder after the first 
spot of auto ignition, and the temperature distribution before the ignition leads to 
distribution of oxidation level during combustion.  More uniform mixture at high 
temperature region and less mass in low temperature region has much stronger 
combustion.  
Wall temperature and swirl are important to the temperature distribution in the 
cylinder.  The case with high wall temperature and low swirl results in less mass in the 
low temperature region.  This leads to higher combustion efficiency and faster heat 
release.  When ignition timing is early enough, high wall temperature and low swirl case 
still has faster heat release rate, but combustion efficiency is close because majority of 
the fuel is burned BTDC. 
 
4.2 Piston Geometry 
In HCCI engine, piston geometry doesn’t have the same kind of impact on spark 
ignited engine with respect to flame-wall interaction.  It can still potentially affect the 
heat transfer and the temperature distribution. 
4.2.1 Sweep Study Revisit 
The burning duration curves are equally separated over the range of ignition 
timing under this study (Figure 2.21).   However, combustion efficiency is not separated 
until ignition gets later than 1 degree BTDC.  The deteriorating slope is also close in 
value. 
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4.2.2 Open end Parametric Study 
The effect of piston geometry is investigated by applying two piston shapes under 
the same operation condition.  Case 1158 from sweep 16 has pancake shape chamber; 
and case 1140 from sweep 14 has bowl shape chamber.  Compression ratio is kept 
identical at 12.5.  Table 4.3 lists the parameters of these two cases. 
 
Table 4.3 - Parameters for open end parametric study of two cases with two piston 
geometries 
 CASE 1158 CASE 1140 
Intake temperature (K) 475 475 
Intake pressure (bar) 1.1 1.1 
Equivalence ratio 0.2538 0.2538 
Compression ratio 12.5 12.5 
Engine speed (rpm) 1200 1200 
Fueling rate (mg/cycle) 9 9 
Piston top land Pancake Bowl 
Ignition timing (ATDC) -2.61 -2.78 
Combustion efficiency 91.94 91.90 
 
Apparently, there’s little separation between these two cases in ignition timing.  
Figure 4.11 shows that the temperature mass distributions are very similar for these two 
cases except there’s a point of sudden slope change for case 1140.  This pattern is 
noticeable both before and after combustion.  This unusual observation calls for more 
details.  Figure 4.12 gives non-cumulative temperature mass distribution.  There are two 
peaks of cylinder temperature for case 1140, which indicates that the cylinder 
temperature gradient has two local maximum points. 
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In Figure 4.13, both cases have very close curves for cumulative heat release.  
However, there’s substantial separation in peak heat release rate (Figure 4.14).  Pancake 
chamber provides much higher peak heat release rate.  Some unusual shape exists around 
the peak of heat release of bowl shape case.  The same pattern also exists in CO 
composition in Figure 4.15.  This observation is consistent with the double-peak in 
temperature mass distribution in Figure 4.12.  For more complex chamber geometry, 
there’s possibility of multiple temperature local maxima. 
For piston geometry effect, the expected difference is the low end temperature 
distribution.  However, simulation results show that the major change is the high end 
temperature distribution instead of the low end temperature distribution.  Simpler 
geometry has smoother temperature distribution, thus quicker heat release.  Bowl shape 
geometry creates multiple local temperature maxima, which creates double humps in heat 
release curve. 
 
4.3 Crevice Volume 
Crevice volume is an important source of combustion inefficiency.  In HCCI 
engine, the mechanism of crevice volume on combustion inefficiency is based on heat 
transfer.  Mixture trapped in crevice exposes to more metal surfaces with lower 
temperatures. 
4.3.1 Open End Parametric Study 
Table 4.4 lists the parameters of three crevice volume cases.  The compression 
ratio is kept constant at 12.5.  Case 1259 from sweep 27 has crevice volume at 1% of the 
total cylinder volume when piston is at TDC; case 1157 from sweep 16 has 4%; and case 
1266 from sweep 28 has 8%. 
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Table 4.4 - Parameters for open end parametric study of three cases with three 
crevice volumes 
 CASE 1259 CASE 1157 CASE 1266 
Intake temperature (K) 470 470 470 
Intake pressure (bar) 1.1 1.1 1.1 
Equivalence ratio 0.245 0.245 0.245 
Compression ratio 12.5 12.5 12.5 
Engine speed (rpm) 1200 1200 1200 
Crevice volume (%) 1 4 8 
Fueling rate (mg/cycle) 9 9 9 
Ignition timing (ATDC) -1.76 -1.12 0.37 
Combustion efficiency 95.81 90.53 78.74 
 
Difference in ignition timing is moderate for these three cases.  Higher crevice 
volume case has later ignition timing.  The cylinder temperature distribution plots in 
Figure 4.17 show the reason.  At 10 and 5 degrees BTDC, there’s discernable difference 
in the temperature distribution of the cylinder charge.  The difference is not limited to 
low temperature end, which is expected as higher crevice volume case entrains more low 
temperature mass.  For smaller crevice volume case, the whole temperature distribution 
curve is at lower-right side of the plot, which means that it has higher peak temperature, 
higher average temperature, and less mass in low temperature region. 
The combustion efficiency of these three cases in Figure 4.18 is widely apart.  
Figure 4.19 shows that the phasing of combustion is clearly differentiated among these 
cases.  Species compositions of CO (Figure 4.20) and isooctane (Figure 4.21) show that 
case 1266 has higher freezing compositions of both CO and isooctane.  So both 
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combustion inefficiency mechanisms are in play for this case.  For case 1259 and 1157, 
there are moderate separations for both CO and isooctane.  
Because of the ignition timing difference, it is premature to say that crevice 
volume is responsible for the combustion efficiency difference at early ignition.  This 
augment is examined in the following section with close ignition timing comparison.  
4.3.2 Sweep Study Revisit 
Burning duration curves are on top of each other for the whole span of ignition 
timing, while combustion efficiency curves are widely separated (Figure 2.22).  This 
implies that combustion inefficiency isn’t caused by partial oxidation mechanism. The 
ignition timing for misfire is similar for all three cases. 
4.3.3 Filtered Parametric Study 
Case 1261, 1160, and 1270 are chosen with similar ignition timing and with 




Table 4.5 - Parameters for filtered parametric study of three cases with three 
crevice volumes 
 
The ignition timings are early enough that all three cases have good combustion 
as indicated by the low freezing CO concentration from Figure 4.25.  Mass fraction 
burned plot from Figure 4.23 shows that despite of similar heat release shape (Figure 
4.24), combustion efficiency is reverse proportional to crevice volume. 
With early ignition timing, partial oxidation mechanism is eliminated.  The 
difference in combustion efficiency is primarily caused by boundary layer inefficiency. 
Figure 4.26 clearly shows that the crevice volume dominates the best possible 
combustion efficiency. 
Figure 4.24 shows that the heat release rate is very well matched in phasing for all 
three cases.  The difference in temperature distribution in this comparison doesn’t result 
in obvious separation in heat release rate.  In reality, the temperature mass distribution 
before combustion has two parts: one vertical line containing more than 80% of the 
cylinder mass, the other horizontal line contains less than 20% cylinder mass.  The heat 
release rate is mainly determined by the vertical one, but combustion efficiency is mainly 
determined by the horizontal one.    The temperature distribution in Figure 4.22 isn’t very 
 CASE 1261 CASE 1160 CASE 1270 
Intake temperature (K) 477.5 480 485 
Intake pressure (bar) 1.1 1.1 1.1 
Equivalence ratio 0.245 0.245 0.245 
Compression ratio 12.5 12.5 12.5 
Engine speed (rpm) 1200 1200 1200 
Crevice volume (%) 1 4 8 
Ignition timing -3.818 -3.937 -4.144 
Combustion efficiency 97.33 92.42 86.37 
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different from the comparison from “open end parametric study”.  Case 1270 with the 
largest crevice volume has more mass in low temperature region. 
 
4.4 Compression Ratio 
Two compression ratios are studied, and they are 12.5 and 16.  Under these two 
compression ratios, the ranges of meaningful intake temperature are so widely apart that 
they don’t overlap.  So the constant intake temperature study for compression ratio is 
neglected. 
4.4.1 Sweep Study Revisit 
The burning duration curves have converging shape when ignition timing gets 
later (Figure 2.23).  When ignition timing is at TDC, the difference in burning duration 
and combustion efficiency are minimal.  Combustion efficiency curves match well in 
magnitude, and the ignition timings for misfire are also close. 
4.4.2 Filtered Parametric Study 
Case 1027 from sweep 3 has compression ratio set at 12.5; and case 1086 from 
sweep 9 has compression ratio set at 16.  Table 4.6 lists their other parameters. 
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Table 4.6 - Parameters for filtered parametric study of two cases with two 
compression ratios 
 
Forth five degrees of temperature difference in intake temperature makes these 
two cases having about the same ignition timing.  The low compression ratio case 1027 
has higher cylinder temperature for most of the compression stroke.  When the piston is 
moving toward TDC, the difference is diminishing as shown in Figure 4.27. 
The temperature distribution plots from 5 degrees ATDC to 15 degrees ATDC 
show some interesting transition.  At 5 degrees ATDC, both cases have similar 
distribution in high temperature region, but the high compression ratio case has less mass 
in low temperature region.  This is caused by fast heat release rate of high compression 
ratio, which is evident from Figure 4.31 where isooctane is depleting at a faster pace.  At 
15 degrees ATDC, both cases have about the same mass in the low temperature region, 
but low compression ratio case has higher peak temperature.  The reason is that the high 
compression ratio case have larger expansion ratio to convert the thermal energy into 
piston work. 
As shown in Table 4.6, both cases have very similar combustion efficiency.  CO 
(Figure 4.30) and isooctane (Figure 4.31) compositions also demonstrate that both cases 
 CASE 1027 CASE 1086 
Intake temperature (K) 495 450 
Intake pressure (bar) 1.1 1.1 
Equivalence ratio 0.251 0.251 
Engine speed (rpm) 2000 2000 
Compression ratio 12.5 16 
Ignition Timing -4.62 -4.42 
Combustion efficiency 92.74 93.65 
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have quite complete combustion.  Figure 2.23 shows that combustion efficiency of these 
two cases is close over the whole range of ignition timing under study; however, it is still 
discernable that the high compression ratio case has slightly higher combustion 
efficiency.  This is caused by slightly faster heat release rate of high compression ratio. 
In this study, higher compression ratio case has slightly higher heat release rate.  
It is difficult to explain this observation with the temperature distribution information.  
However, Figure 2.23 helps find the reason.  The difference in heat release rate 
disappears as ignition timing is going toward TDC.  The converging trend of the 
difference in heat release rate reflects the essence of compression ratio.  Figure 4.32 
shows the instantaneous compression ratio for 12.5 and 16.  Under normal definition, 
compression ratio is the ratio of the maximum and minimum cylinder volume, which 
always corresponding to bottom and top location for the piston.  Instantaneous 
compression ratio is defined as the volume ratio of the minimum cylinder volume and 
current cylinder volume.  For cases with different compression ratio, their instantaneous 
compression ratios are also different with piston at the same crank angle position.  Higher 
compression ratio case has higher instantaneous compression ratio at any point except the 
TDC, where instantaneous compression ratio is always unity. 
The pattern of the instantaneous compression ratio matches well with the burning 
rate.  When ignition timing is early, the difference in instantaneous compression ratio for 
these two cases are larger, thus the compression heating is larger, which accelerates the 
heat release process.  The difference in burning rate disappears when ignition timing is 
close to TDC. 
Compression ratio’s effect on combustion isn’t on temperature distribution.  In 
reality, it hardly changes the temperature distribution pattern.  The main impact by 
compression ratio is its instantaneous compression ratio and its compression heating 






















































































































































































































































Figure 4.1 – Cumulative temperature distribution comparison under open end 
parametric study for four cases with two different wall temperatures and two 

























Crank Angle [Degree ATDC]  
Figure 4.2 - Mass fraction burned comparison under open end parametric study for 































Crank Angle [Degree ATDC]  
Figure 4.3 - Mass fraction burning rate comparison under open end parametric 
























Crank Angle [Degree ATDC]  
Figure 4.4 - CO composition comparison under open end parametric study for four 



























Crank Angle [Degree ATDC]  
Figure 4.5 - Isooctane composition comparison under open end parametric study for 






















































































































































































































































Figure 4.6 – Cumulative temperature mass distribution comparison under filtered 
parametric study for four cases with two different wall temperature and two 

























Crank Angle [Degree ATDC]  
Figure 4.7 - Mass fraction burned comparison under filtered parametric study for 
































Crank Angle [Degree ATDC]  
Figure 4.8 - Mass fraction burning rate comparison under filtered parametric study 























Crank Angle [Degree ATDC]  
Figure 4.9 - CO composition comparison filtered parametric study for four cases 



























Crank Angle [Degree ATDC]  
Figure 4.10 - Isooctane composition comparison filtered parametric study for four 




















































































































































































































































Figure 4.11 – Cumulative temperature mass distribution comparison under open 














































































































































































Figure 4.12 - Temperature mass distribution comparison under open end 




























Crank Angle [Degree ATDC]  
Figure 4.13 - Mass fraction burned comparison under open end parametric study 





























Crank Angle [Degree ATDC]  
Figure 4.14 - Mass fraction burning rate comparison under open end parametric 
























Crank Angle [Degree ATDC]  
Figure 4.15 - CO composition comparison under open end parametric study for two 

























Crank Angle [Degree ATDC]  
Figure 4.16 - Isooctane composition comparison under open end parametric study 





















































































































































































































































Figure 4.17 - Cumulative temperature mass distribution comparison under open 





























Crank Angle [Degree ATDC]  
Figure 4.18 - Mass fraction burned comparison under open end parametric study 





























Crank Angle [Degree ATDC]  
Figure 4.19 - Mass fraction burning rate comparison under open end parametric 






















Crank Angle [Degree ATDC]  
Figure 4.20 - CO composition comparison under open end parametric study for 


























Crank Angle [Degree ATDC]  
Figure 4.21 - Isooctane composition comparison under open end parametric study 





















































































































































































































































Figure 4.22 - Cumulative temperature mass distribution comparison under filtered 





























Crank Angle [Degree ATDC]  
Figure 4.23 - Mass fraction burned comparison under filtered parametric study for 































Crank Angle [Degree ATDC]  
Figure 4.24 - Mass fraction burning rate comparison under filtered parametric 






















Crank Angle [Degree ATDC]  
Figure 4.25 - CO composition comparison under filtered parametric study for three 


























Crank Angle [Degree ATDC]  
Figure 4.26 - Isooctane composition comparison under filtered parametric study for 




















































































































































































































































Figure 4.27 - Cumulative temperature mass distribution comparison under filtered 




























Crank Angle [Degree ATDC]  
Figure 4.28 - Mass fraction burned comparison under filtered parametric study for 






























Crank Angle [Degree ATDC]  
Figure 4.29 - Mass fraction burning rate comparison under filtered parametric 





















Crank Angle [Degree ATDC]  
Figure 4.30 - CO composition comparison under filtered parametric study for two 

























Crank Angle [Degree ATDC]  
Figure 4.31 - Isooctane composition comparison under filtered parametric study for 
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HCCI COMBUSTION CORRELATIONS 
There’s no correlation in existing literature predicting HCCI combustion 
efficiency and burning duration.  Most HCCI transient control simulation studies use 
predetermined values for combustion efficiency and burning duration (Rausen et al, 2004 
and Shaver 2005).  Wiebe function has been the combustion correlation for diesel and 
spark ignited engine over many years, and it gives reasonable heat release profile once all 
the critical parameters are provided.  Ignition timing is normally given and combustion 
efficiency is always assumed to be close to 100%.  This type of correlation can work for 
traditional engine, but is not suitable for HCCI engine simulation, where ignition timing 
and combustion efficiency are much more volatile.  To leverage the capability KIVA-MZ 
and its parametric study results, new HCCI combustion efficiency and burning duration 
correlations are proposed.  The key components are: ignition correlation, combustion 
efficiency correlation, and burning duration correlation. 
The correlation for ignition timing is the single most important correlation in the 
whole process because it determines not only the combustion phasing but also 
combustion efficiency and burning duration.  The key component of ignition timing 
prediction is an ignition delay correlation developed from a rapid compression machine.  




5.1 1D HCCI Simulation Characteristics 
1D engine simulation has been evolving over the years.  Both the number of 
engine components and the quality of each component have been improved dramatically.  
In the past, the pressure in the intake manifold is given as boundary condition for engine 
simulation, now ambient pressure is the boundary condition because of the availability of 
pipe model, throttle model, flow split model, and heat exchanger model, et al.  At the 
same time, engine control study using 1 D engine simulation is more and more popular. 
Once steady state simulation dominates the 1D engine simulation application; now 
transient simulation becomes the main application.  Engine simulation nowadays is more 
capable, faster and yet more accurate.  However, for HCCI simulation, there are several 
unique characteristics. 
5.1.1 Residual Self Coupling 
Steady state HCCI operation can be very stable with very small cycle to cycle 
variation (Richter et al. 1999).  This is due to the weak role of turbulence on combustion.  
In the mean time, HCCI engine can experience large variation from cycle to cycle during 
transition when large amount of EGR is present, which is due to residual self coupling 
(Santoso et al. 2005).  The coupling phenomenon comes from the relationship between 
the ignition timing and the residual temperature.  Early ignition leads to lower burned 
temperature, which makes ignition of next cycle later; later ignition results in higher 
burned temperature.  It seems that the dynamics of the relationship makes it a stable one, 
but when ignition gets really retarded, combustion efficiency starts to drop and burned 
temperature decreases.  So the coupling between ignition timing and residual temperature 
is not perfectly stable. 
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When transient engine simulation is concerned, good prediction of ignition timing 
is not enough; combustion efficiency and burning duration predictions should also be on 
target to ensure the right residual temperature. 
5.1.2 Heterogeneity 
Both temperature and composition stratification can impact ignition timing as 
indicated by Babajimopoulos (2005).  Heterogeneity is mainly caused by three factors: 
cylinder wall heat transfer, mixing with residual gas, and mixing with fuel.  Cylinder wall 
heat transfer is inevitable for any metal block engine.  Residue and fuel mixing effect on 
mixture heterogeneity depends on specific engine setup.  Engine with well premixed air 
fuel charge and little residue has the least degree of heterogeneity.  However, this kind of 
engine still has temperature distribution from core to boundary layer.  In real HCCI 
engine, maintaining a certain level of heterogeneity is a remedy for too rapid heat release. 
Engine composition non-uniformity is an area that 1 D engine simulation is not 
able to address with physical models.  And its effect can only be approximated by 
correlations. 
5.1.3 Thermal Inertial 
Cylinder liner, piston and head temperatures can affect ignition timing 
significantly.  Chang (2004) increased coolant temperatures by 15 degrees, and the results 
show that 10% burned location gets advanced by 2 degrees, and overall duration is 30% 
shorter.  This clearly demonstrates the sensitivity of ignition timing to wall temperatures.  
Steady state cylinder block temperature can vary more than 15 degrees between low load 
and high load.  These factors impose a new challenge for HCCI transient control.  
Accounting for the temperature variation, and implementing it in the ignition control 
algorithm become a necessity. 
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5.2 Ignition Correlation for HCCI 
There are two options to predict ignition timing for a single zone engine model.  
One is to use chemical kinetics solver like Chemkin with detailed or reduce reaction 
mechanisms.  The other is to use some form of knock integral, which is often based on 
ignition delay correlation developed from shock tube or rapid compression machine.  The 
ignition delay correlation used in this study is developed by a rapid compression machine 





−−−− χφτ  (5.1)
Where P is pressure in “atm”, T is temperature in “Kelvin”, φ is the fuel to oxygen 
equivalence ratio, χO2 is the oxygen mole fraction in percentage, R is the universal gas 
constant in “cal/mol-K”, and τ is the ignition delay time in “second”. 
 As obvious in Equation 5.1, the temperature term is the most dominant variable in 
the equation because of its exponential effect on ignition delay.  In order to predict 
ignition timing with accuracy from this ignition delay model, the cylinder temperature 
prediction has to be on target. 
  The major forces to decide the core temperature in the cylinder are compression 
heating and heat transfer.  The accuracy of piston compression heating relies on the value 
of γ (ratio of specific heat).  This value depends on equivalence ratio, initial pressure, 
compression ratio and EGR percentage. 
The accuracy of heat transfer relies on the heat transfer model and it relies on 
engine speed, wall temperature, swirl ratio, and piston geometry.  At the University of 










TVCSCtTtptLth −+⋅⋅⋅⋅= −−α  (5.2)
α is a new scaling factor, and L is the instantaneous chamber height. 
In summary, single zone engine model has enough sub models to predict the 
cylinder average temperature, and ignition delay converted knock integral model is used 
to give estimation on ignition timing. 
However, a good ignition prediction doesn’t automatically extend to good 
prediction for overall combustion.  Indeed, good ignition prediction only gives a good 
beginning, and the rest task relies on the prediction of combustion efficiency and burning 
duration. 
 
5.3 Combustion Efficiency Correlation 
As shown in Figure 5.1, the pattern of combustion efficiency versus ignition 
timing is consistent among all the cases.  When ignition timing is early, the combustion 
efficiency line is flat.  As ignition gets later, there is a transition point where combustion 
efficiency starts to fall down.  So there are three essential values: the peak combustion 
efficiency; the fall off timing, and the fall off slope.  The peak combustion efficiency 
represents the healthy and stable combustion efficiency when ignition timing is early; the 
fall off timing represents the critical ignition timing when combustion efficiency starts to 
deteriorate; and fall off slope represents how fast the combustion efficiency deterioration 
can process with more retarded ignition timing. 
Figure 5.2 shows the proposed combustion efficiency model.  Three individual 
correlations is developed in the following sections. 
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5.3.1 Peak Combustion Efficiency 
Without any question, the major factor in peak combustion efficiency is the 
crevice volume.   Three crevice volume geometries are tested under engine setup with 
1200 rpm, 12.5 compression ratio, 5% EGR, and 9 milligram of fuel, which 
corresponding to equivalence ratio of 0.2486 .  Intake temperature is swept from low to 
high to obtain a sweep of combustion efficiency.  Overall, combustion efficiency 
increases with higher intake temperature.  However, at some point, the combustion 
efficiency does not keep increasing as intake temperature keeps increasing.  The 
stabilized combustion efficiency is recorded as peak combustion efficiency. 
Table 5.1 lists the variables involving in the correlation. 













V%c Ce2 V%nc ηpc V%nc – ηpc 
1 0 99 97.74 1.26 
4 2 96 92.63 3.37 
8 3 92 86.37 5.63 
 
First column is the crevice volume, which is the volume percentage of the crevice 
of the total cylinder volume when piston is at TDC.  Second column is the log value of 





C ce =  (5.3)
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  Third column is the non crevice volume, which accounts the cylinder volume not 
belong to the crevice volume.  Fourth column is the peak combustion efficiency.  Fifth 
column is the difference between the non crevice volume and the peak combustion 
efficiency, which is given name of combustible volume inefficiency. 
Ideally, the combustible volume inefficiency (V%nc – ηpc) should be zero, which 
means that the combustion efficiency is equal to the non crevice volume.  In reality, 
mixture in the wall boundary and higher mixture density in the crevice volume contribute 
to the inefficiency.  This inefficiency value increases with crevice volume.  With higher 
crevice volume, peak combustion efficiency deteriorates much faster.  This inefficiency 
value is quite linear with the crevice log by 2 in value. 
 
Curve fitting the relationship between crevice log by 2 and combustible volume 
inefficiency results in the following equation: 
)4.025.026.1( 222% eepcnc CCV ⋅+⋅+=−η  (5.4)
Meanwhile, for the same crevice volume, equivalence ratio seems to have some 
weak effect on combustion efficiency.  Following table shows the relationship between 
equivalence ratio and combustion efficiency for engine setup with 4% crevice volume, 













Table 5.2 - Equivalence ratio and combustion efficiency correlation data 










When equivalence ratio goes from 0.2 to 0.4, the combustion efficiency increases 
less than 2%.  And the relationship is fairly linear. 
ϕη ⋅+= 1.896.90pc  (5.5)
This equation matches well with the previous study.  The case with 4% crevice 
volume has equivalence ratio of 0.2486 and peak combustion efficiency of 92.63%.  This 
equation gives combustion efficiency of 92.97% with equivalence ratio at 0.2486.  So 
using this point as the base point is a natural choice.  The overall peak combustion 
efficiency correlation is presented here with second term accounting for crevice volume, 
third term for volume inefficiency and final term for equivalence ratio adjustment. 
1.8)2486.0()4.025.026.1(100 222% ⋅−+⋅+⋅+−−= ϕη eecpc CCV  (5.6)
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One other variable has demonstrates some effect on peak combustion efficiency is 
the cylinder wall temperature.  Because this study is focusing on peak combustion 
efficiency, the ignition is fairly early.  Fifty degree Celsius difference in wall temperature 
carries about one percent of combustion efficiency difference.  However, bringing in 
another dimension of variable to have a small gain is not worth to pursue in this effort. 
5.3.2 Combustion Fall Off Timing 
Among all the lines in Figure 5.1, some have very sharp turns in combustion 
efficiency, especially those cases that combustion efficiency falling off at a later timing.  
It is relatively easy to define the fall off point for those lines.  But for other lines which 
have earlier combustion efficiency deterioration, the transition is more gradual and 
there’s no clear choice of fall off point.  A universal definition for fall off point is needed.  
The combustion fall off timing is defined as the ignition timing where combustion 
efficiency is equal to 93 percent of peak combustion efficiency. 
The fall off timing is a strong function of equivalence ratio and engine speed.  As 
shown in Figure 5.3, all the other variables can only cause up to 1 degree of deviation 
with the same speed and equivalence ratio.  So the fall off timing can be adequately 
correlated by equivalence ratio and engine speed with confidence zone about one degree.  
Even though there’s slight curvature for the speed lines, linear representation is adequate. 
For the data point being collected, most have engine speed at 1200 rpm and 2000 
rpm, and equivalence ratio is around 0.24, which is evident from Figure 5.3, where point 
is concentrated in that area..  The top and bottom speed in this study is 3750 and 750 
respectively, and each of them has equivalence ratio sweep study.  From Figure 5.3, for 
each speed line, the relationship between fall off timing and equivalence ratio is fairly 
linear, so two linear correlations are obtained.  For rpm at 3750, the correlation is:  
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y=53.923*φ-14.763; while for rpm at 750, the correlation is: y=66.83*φ-16.316.  And 
these two coefficients are differentiated by engine speed. 















With this correlation, the predicted fall off timing is shown in Figure 5.4.  Compared with 
Figure 5.3, the largest error is around 1 degree. 
5.3.3 Combustion Fall Off Slope 
From Figure 5.1, the fall off slope (lfo) gets steeper when the fall off timing 
becomes more retarded.  The slope value is not as critical as the fall off timing when 
engine performance prediction is concerned, and the deviation from point to point is 
relatively small.  So a simple approach is used.  Two extremes are chosen, and then linear 
interpolation is applied for the region in between these two extremes.  The least steep 
case has fall off timing at -3.5, and the slope is 21.45; while the steepest case has fall off 
timing at 4.5, and the slope is 66.94.  So a linear equation for fall off slope is obtained in 
the following. 
227.41685.5 +⋅= fofol θ  (5.8)
At this point, combustion efficiency is ready to be correlated.  When the actual 
ignition timing is earlier than fall off timing, combustion efficiency is the peak 
combustion efficiency.  If actual ignition timing is later than the fall off timing; the actual 
combustion efficiency is based on the peak combustion efficiency and the fall off slope as 
in the following equation. 
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)( foignfopccom l θθηη −⋅−=  (5.9)
 
5.4 Burning Duration Correlation 
Even if combustion efficiency prediction is correct, many simulation results can 
be off with erratic heat release rate.  A practical way is to have a good prediction of heat 
release is to provide a burning duration combined with a Wiebe profile.  So in this 
section, burning duration is correlated by the data sets generated by KIVA-MZ. 
 
From Figure 5.5, the pattern of burning duration versus ignition timing is 
monotonically increasing for all the cases before combustion efficiency deteriorates.  The 
duration is short when ignition timing is early, then the duration increase gradually with 
later ignition timing.  Eventually, the burning duration curve takes a sharp downward 
turn, which strongly mirrors the falling off of combustion efficiency. 
Variations of some parameters do not cause the burning duration curves separate 
from each other; while others do.  The most significant parameter is equivalence ratio 
(Figure 2.16).  Case with richer mixture has much shorter burning duration.  The second 
strongest parameter to deviate the burning duration curve is engine speed (Figure 2.19).  
Case of higher engine speed has longer burning duration with the same ignition timing.  
Among other parameters, piston geometry (Figure 2.21) also causes consistent separation 
between duration curves.  Compression ratio (Figure 2.23) also causes some degree of 
separation between duration curves.  Swirl ratio and cylinder wall temperature (Figure 
2.20) in this study are the two methods altering cylinder temperature distribution.  Swirl 
ratio can impact the burning duration in a noticeable level.  The importance of cylinder 
temperature and composition distribution is well documented for burning duration. 
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Ideally, burning duration should be a function of ignition timing and any other 
variables, which can cause difference in burning duration with the same ignition timing. 
This means that variables like equivalence ratio, engine speed, compression ratio, piston 
geometry and temperature distribution should all be included.  However, only 
equivalence ratio and engine speed can cause significant difference, while all other 
variable have much less impact.  Also, the data size of this study is not big enough to 
support a correlation involving many variables.  In this preliminary correlation of burning 
duration, only equivalence ratio and engine speed are included. 
The tuning factor for equivalence ratio and engine speed is obtained separately.  
There is an equivalence ratio sweep under three engine speeds: 750, 2000, and 3750.  
Figure 5.7 shows that the equivalence ratio has a power factor of 2.  And speed, which is 
normalized by 2000 has a power factor of -0.15 (Figure 5.8). 
Applying these two adjusting factors in overall data pool, the adjusted burning 
durations collapse into a narrow region (Figure 5.9).  Since the effects of other 
parameters haven’t been separated, it is impossible to get a single line.  A line is needed 
for correlation purpose, so average value is computed in the middle of the narrow region. 
A fifth order polynomial seems to be enough to correlate the data, which 
represents the adjusted burning duration. 
So, the general correlation for burning duration is in the following: 
15.02 )
2000














Equation 5.10 is only good for combustion efficiency at or close to peak value. 
Once ignition timing is substantially later than the combustion fall off timing, the burning 
duration becomes shorter.  It is noticed that the point where burning duration becomes 
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shorter is not the point where combustion efficiency starts to deteriorate, but rather 
combustion efficiency gets lower than 50%.  There’s a potential correlation for burning 
duration under severe misfire condition, but it is of less importance to the overall 
simulation accuracy, and the CFD data don’t cover that region well.  So a fixed value of 
20 degrees crank angle burning duration is applied for any case running combustion 
efficiency lower than 50%. 
 
5.5 Summary of Correlations 
There are several independent correlations in this whole package, so they have to 
be presented in a logical way that users can understand easily and implant them into a 
simulation code. 
First of all, this work identifies the supreme importance of ignition timing on 
overall combustion performance, so most plots and correlations are based on ignition 
timing.  The schematic is in Figure 5.6.  Important parameters like peak combustion 
efficiency and fall off timing are correlated with some engine design and operating 
parameters. 
Figure 5.10 shows the flow chart of the correlations in actual engine simulation.  
There are two crank angle locations that correlation computations are performed.  First 
one is the intake valve closing timing.  Engine speed, equivalence ratio, crevice volume, 
and residual fraction are all known at this time, so peak combustion efficiency (ηcpk) and 
fall off timing (θfo) can be calculated.  The second one is the ignition timing, which is a 
result of both constant variables like equivalence ratio and residual fraction and 
progressing variables like pressure and temperature.  This ignition timing is compared 
with the fall off timing to determine the combustion efficiency and burning duration. 
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5.6 Validation with KIVA Data 
During the course of establishing these correlations, not all data generated by 
KIVA-MZ is used.  Some of the reserved data is used to validate the correlation.   
 The following table lists four validation cases cover speed range from 1250 to 
3000, and equivalence ratio from 0.1894 to 0.2951. 
 
Table 5.3 - Correlation validation with KIVA data under four operating conditions 
 RPM PHI 
CASE 1 1500 0.2438 
CASE 2 3000 0.2533 
CASE 3 1250 0.1894 
CASE 4 1250 0.2951 
The overall performance of the correlation is acceptable (Figure 5.11 through 
Figure 5.14).  Both peak combustion efficiency and fall off slope is very close to the 
KIVA-MZ result.  More importantly, the fall off timing is on target, even though the 
transition curvature is neglected. 
Case 4 has the best match up among these four validation points (Figure 5.11).  
This case has the highest equivalence ratio, thus the latest fall off timing.  The ignition 
timing range covers most of the timing range used to construct the correlation.  Both 
combustion efficiency and burning duration curves match very well. 
The rest three cases don’t have as good match up as case one.  Relative speaking, 
combustion efficiency prediction is satisfactory.  The biggest error is caused by the 
transition curvature, which is neglected in correlation.  For burning duration, all three 
cases have better prediction when ignition timing is around 2 degrees BTDC, where large 










































Ignition Timing (1% fuel) [Degree ATDC]  
Figure 5.1 – KIVA-MZ simulated relationship between combustion efficiency and 
















































Equivalent Equivalence ratio  
Figure 5.3 - KIVA-MZ result of combustion fall off timing versus equivalence ratio 



























Equivalent Equivalence ratio  
Figure 5.4 - Correlation result of combustion fall off timing versus equivalence ratio 
















































Ignition Timing [ATDC]  
Figure 5.5 – KIVA-MZ simulated relationship burning duration and ignition timing 

































































































































































































































Ignition Timing (1% fuel) [Degree ATDC]  
Figure 5.7 – Comparison between original burning duration (left) and equivalence 
ratio adjusted burning duration (right) versus ignition timing, under three engine 






































































Ignition Timing (1% fuel) [Degree ATDC]  
Figure 5.8 - Comparison between original burning duration (up) and engine speed 




Figure 5.9 - Comparison between original burning duration (up) and equivalence 
ratio and engine speed adjusted burning duration (below) versus ignition timing  
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ONE DIMENSIONAL HCCI ENGINE SIMULATION 
Just like any other computer modeling in science and engineering world, internal 
combustion engine simulation has evolved from in-house private command-line code to 
off-the-shelf multimedia commodity.  GT-Power, a commercial engine simulation tool 
developed by Gamma Technologies, is the current market leader in one dimensional 
engine system simulation software.  GT-Power provides wide variety of component 
models, as well as user friendly interface.  However, as a commercial product, its 
development is more industry driven, rather than academic driven.  New combustion 
concept like HCCI is not included in its combustion model library.  Fortunately, GT-
Power has open access design so that users are able to provide their own models for 
certain process not already in the GT-Power library.  User models can be built into a DLL 
(dynamic link library), which communicates with GT-Power’s main solver.  In the DLL, 
there are many FORTRAN subroutines dealing with varies engine processes.  GT-Power 
provides the calling arguments and skeleton of the program body, where users have to fill 
up the code with their own formulations. 
This chapter first covers the important formulations in flow, heat transfer and 
combustion for GT-Power.  Then the user subroutine implementation process is 
introduced.  Finally, a virtual UM HCCI engine model is built and validated against 
experiment data. 
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6.1 Fluid Flow Modeling 
In 1D frame work, flow through pipes and valves are critical to engine simulation.  
Volumetric efficiency is one of the major matching factors in engine simulation.  To get 
the right amount of air and fuel into cylinder is the prerequisite for any meaningful 
engine simulation work. 
6.1.1 Manifold 
The fundamental component for flow system is a pipe.  One dimensional flow 
equation is solved with and across the pipes.  A pipe can be further discretized into many 
nodes, and the flow equations is solved at node level.  Since it is one dimensional flow, 
variables are uniform at pipe cross section.  Each scalar variable is assumed to be uniform 
over each node, and each vector variable is calculated at each boundary. Accordingly, the 






































Friction loss factor is based on the Reynolds number and the surface roughness of 
the walls.  In Laminar region when Reynolds number is less than 2000, Cf =16/ReD.  In 
turbulent region, Cf = 0.08/ReD0.25.  When the surface is rough and the flow is not 









DC roughf  (6.4)
6.1.2 Valve 
Flow through valves requires discharge coefficients for flow in both directions.  
They originate from the isentropic velocity equation for flow through an orifice and are 
defined as the ratio of effective flow area to the reference flow area.  They include 
friction losses and errors in assumptions of velocity profiles in the orifice equations. 








































































The reference area should remain unchanged regardless of the angle or position. 
For cam-driven valves, there are two options available: 
CD may be calculated with the reference area, AR, which is held constant for all 
L/D values at 
2
4 refR
dA ×= π  (6.6)
CD may be calculated with the reference area, AR, which is uniquely calculated for 
each lift position in the L/D array as the valve curtain area: 
LdA refR ××= π  (6.7)
 
6.1.3 Cylinder 
The main focus of in cylinder flow is the turbulence level, which affects the heat 
transfer and flame propagation processes.  Even though the turbulence level doesn’t 
influence HCCI combustion in a direct way like SI engine, the heat transfer part does 
play an important role in the cylinder temperature history, which on the contrary, 
affecting the chemistry. 
The in-cylinder flow breaks the cylinder into multiple regions: the central core 
region, the squish region, the head recess region, and the piston cup region. In each 
region, the mean radial velocity, axial velocity, and swirl velocity are calculated taking 
into account the cylinder chamber geometry, the piston motion, and flow 
rate/swirl/tumble of the incoming and exiting gases through the valves. These velocities 
are used in the heat transfer model. The flow model also contains single zone turbulence 
and tumble models. The turbulence model solves the turbulence kinetic energy equation 
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and the turbulence dissipation rate equation (Morel and Keriba, 1985). From this data, the 
instantaneous mean turbulence intensity and turbulence length scale are calculated.  
 
Swirl and tumble is generated by the fluids entering the cylinder through the 
intake valves. The swirl and tumble coefficients are defined as the ratio of the angular 
momentum flux to the linear momentum flux, which is used to calculate the swirl and 
tumble torque, which is applied to the in-cylinder gases. Swirl and Tumble coefficients 
are specified by the user versus L/D (lift over diameter).  The swirl and tumble 



































































6.2 Heat Transfer Modeling 
Heat transfer is another critical factor in engine simulation.  It not only affects the 
overall energy flow, but also the heat release rate, which is especially true for HCCI 
engine.  Therein cylinder heat transfer is utilizing the recent work at the University of 
Michigan [Chang et al. 2004]. 
6.2.1 Manifold 
The heat transfer from fluids inside of pipes to their walls is calculated using a 
heat transfer coefficient. The heat transfer coefficient is calculated at every timestep from 
the fluid velocity, the thermo-physical properties and the wall surface finish. The heat 























The Colburn analogy is used for turbulent, laminar and transitional flow. 
The surface roughness can have a very strong influence on the heat transfer 
coefficient, especially for very rough surfaces such as cast iron or cast aluminum. The 
heat transfer coefficient of rough pipes is calculated by using the heat transfer coefficient 































The dominant heat transfer mechanism in the HCCI engine is forced convection 
from the bulk gas to combustion chamber walls.  The radiation effect is very small 
because of low-soot, low temperature from premixed lean combustion. 
The instantaneous heat transfer coefficient from gas to cylinder wall has been 
extensively studied over the years. These studies are normally dimensional analysis 
based, and they correlate turbulent flow to Nusselt, Reynolds, and Prandtl numbers.  One 
class of correlation providing spatial average heat transfer coefficient is particular 
popular for their simplicity.  Examples are Annand, Woschni and Hohenberg.  In 
particular, the Woschni correlation has frequently been used for HCCI engine studies, 
even though the correlation was developed under direct injection diesel engine. 
 
The global heat transfer coefficient depends on characteristic length, transport 
properties, pressure, temperature, and characteristic velocity. A scaling factor α scaling is 
used for tuning of the coefficient to match specific engine geometry.  A unique feature of 
Woschni correlation is the gas velocity term.  While most other correlations use a time-
averaged gas velocity proportional to the mean piston speed, Woschni separated the gas 
velocity into two parts: the unfired gas velocity that is proportional to the mean piston 
speed, and the time-dependent, combustion induced gas velocity that is a function of the 





TVCSCtv −+=  (6.11)
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This approach keeps the velocity constant during the unfired period of the cycle, 
and then imposes a steep velocity rise once combustion pressure departs from motoring 
pressure. The subscript r denotes a reference crank angle, such as intake valve closing 





















The HCCI heat transfer experiment at UM proposed three improvements over the 
original Woschni model: the instantaneous chamber height is used as the characteristic 
length scale, the temperature exponent is modified to be 0.73, and C2 is reduced to 1/6 of 
the original value.  
 
6.3 Combustion Modeling 
The complete HCCI combustion correlations include ignition timing, combustion 
efficiency, and burning duration.  The detailed burning profile is represented by a wiebe 
function. 
6.3.1 Ignition 
Ignition is calculated using knock integral approach based on the ignition delay 





−−−− χφτ  (6.13)
Where P is pressure in “atm”, T is temperature in “Kelvin”, φ is the fuel to oxygen 
equivalence ratio, χO2 is the oxygen mole fraction in percentage, R is the universal gas 
constant in “cal/mol-K”, and τ is the ignition delay time in “second”. 
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 Above equation gives the ignition delay timing for constant environment.  In a 
real engine, the temperature and pressure are changing, so knock integral approach is 
used.  At the time of intake valve is closed, integration calculation is made for the inverse 











6.3.2 Combustion Efficiency 
Combustion efficiency in HCCI has a critical ignition timing associated with each 
set of design and operation variables.  When ignition timing is earlier than that critical 
ignition timing, combustion efficiency is mainly determined by crevice volume.  When 
ignition timing is later than the critical ignition timing, the combustion efficiency is 
predominantly influenced by the ignition timing itself. 
At the time of intake valve closing, the peak combustion efficiency is known from 
Equation 3.7.  The real combustion efficiency won’t be available until the conclusion of 
the ignition timing, which is calculated from knock integral of equation 3.2. 
With the occurrence of ignition timing, the combustion efficiency is calculated 
from equation 3.10. 
6.3.3 Burning Duration 
Burning duration is calculated along with combustion efficiency at the time of 
ignition with equation 3.11. 
6.3.4 Burning Profile 










The exponent value w is depended on the ignition timing with following table 
θign -9 -8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 
w 2 2 2 2 2 2 2 1.7 1.4 1.1 1.1 1.1 1.1 1.1 1.1 1 1 1 1 
 
6.4 GT-Power User Model Implementation 
GT-Power is a graphic object based engine and powertrain simulation tool.  A 
virtual engine is built from varies graphic blocks (Figure 6.1), which represent individual 
physical component.  These graphic blocks are called “parts” in GT-Power terminology.  
And “parts” are derived from “objects”.  One “object” can derive many “parts” as long as 
all these “parts” are identical.  One example, intake valve “object” can have two intake 
valve “parts” if the engine has two identical intake valves.  “Objects” themselves are 
derived from “templates”.  Both intake valve “object” and exhaust valve “object” are 
derived from valve “template”. 
Creation of each piece of graphic block in the simulation window has to go 
through “template->object->part” process.  However, parts can be copied and pasted 
within a model or across different models. 
Once proper engine pieces have been put together and correctly linked, users have 
to go into individual part to setup the configuration and formulation.  If all the desired 
component models are within default GT-Power model library, user can run the model 
from this point.  However, if users need some special model not already in the GT-Power 
library, users have to set up their own user model and link to GT-Power’s main solver. 
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6.4.1 GT-Power User Model Setup 
In order to make GT-Power execute the user defined combustion and heat transfer 
models, users have to put the user model names into the process object lines.  Users need 
open an engine cylinder “part”, go to “models” tab, and input the user model names for 
both heat transfer and combustion objects (Figure 6.2).  Then users need double click 
open the user model to fill in the data that users want to pass to their FORTRAN 
subroutine. 
There are many ways to provide data to the user FORTRAN subroutine, which is 
described in the next section.  The most fundamental and flexible way is to provide data 
in the user model window.  Four arrays (integer, real, string, RLT) are created and passed 
to user subroutine.  RLT is a GT-Power defined variable, which has the following 
characteristics: one value per engine cycle.  It can be an integration value like BMEP 
(brake mean effective pressure), or a maximum value like peak pressure, or a spot value 
like ignition timing. 
6.4.2 Fortran Code Modification 
With GT-Power installation, a FORTRAN DLL project is also copied to the 
installation directory (Figure 6.3).  There’s only one FORTRAN file under the project.  
Usually, it has name like GTIusr62.f90.  “62” means version 6.2, and this is subjected to 
change over the GT-Power version evolution. 
In the FORTRN file, there’re about 30 subroutines, each of which deals with 
different engine process models.  GT-Power does provide default models for these 
processes, but this DLL provides users the option to formulate their own equations to 
describe the process. 
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In the subroutines, user can obtain input values through calling arguments, user 
model arrays (real, integer, string, RLT), and sensor data.  And results can be output 
through calling arguments and actuator data. 
6.4.3 Solver Subroutine Interaction 
Among 30 user subroutines in the DLL, two user subroutines have been 
significantly modified in this thesis work: user cylinder heat transfer 
(ENGHEATTRUSER) and user combustion (ENGCOMBUSER). 
The communication between GT-Power solver and DLL occurs at every 
calculation step.  For heat transfer, the interaction is on for the whole cycle; while for 
combustion, the interaction happens during the closed cycle from intake valve closing to 
exhaust valve opening. 
GT-Power starts calculation of each engine cycle at intake valve closing.  Both 
combustion and heat transfer models are engaged at that time. In the combustion model, 
the knock integral starts to accumulate, and there’s a flag for ignition.  This flag is shared 
across subroutines through a FORTRAN module structure.  The heat transfer model is 
also monitoring the ignition flag to determine which formulation it uses at current step.   
 
After intake valve closing, GT-POWER starts to communicate with the DLL.  
The DLL has much smaller calculation step size for CHEMKIN, and the calculation 
progress up to the GT calculation step size; then the DLL estimates the heat release 
during this period, and converts to fuel mass burned and passes back to GT-Power, which 




6.5 1D Engine Simulation Validation 
The combustion model is calibrated and validated with the UM HCCI engine 
data.  The experiment data set chosen for the calibration and validation work is the intake 
temperature sweep, because this sweep provides the biggest span of ignition timing.  The 
procedure of the calibration and validation has two steps.  First, the model is calibrated 
against the experiment point with the most advanced ignition timing.  Then the model is 
validated against the rest points with later ignition and weaker combustion.  The reason to 
choose the most advanced ignition timing point as the calibration point is to validate the 
predictive capability of the model on later combustion and misfire. 
6.5.1 GT-Power Model Calibration 
The experiment data is from the UM HCCI engine, and the engine configuration 
is listed in Table 2.1.  The operation parameter for the calibration point is listed in Table 
6.1. 
 
Table 6.1 - Operation parameter for calibration point 
Intake Pressure (kPa) 93.99 
Intake Temperature (K) 388.96 
Air/Fuel Ratio 19.04 
Engine Speed (RPM) 1995.7 
Fuel Flow Rate (mg/cycle) 10.94 
Exhaust Pressure (kPa) 103.27 
 
This operation point is from one sweep study on intake temperature, which ranges 
from 75 to 115 degree Celsius. 
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A simple GT-Power model (Figure 6.1) is build according to the UM HCCI 
engine specifications.  Based on the locations of experiment measurement of pressure and 
temperature in the intake and exhaust system, the model starts from intake plenum, and 
finishes at exhaust plenum.  Both combustion correlation and heat transfer correlation 
described in Chapter 3 are fully implemented. 
The only tuning parameter on combustion side is the temperature adjustment for 
ignition timing, which is calibrated to match the experiment data. 
Figure 6.4 shows the pressure comparison of the simulation against experiment 
data.  After matching the ignition timing, there’s no further tuning on combustion 
efficiency and burning duration.  The combustion comparisons are listed in Table 6.2. 
 
Table 6.2 - Combustion results for calibration point 
 Experiment Simulation 
Combustion Efficiency (%) 95.74 94.36 
10% burned location (ATDC) -0.5 -0.1 
50% burned location (ATDC) 3.5 3.8 
90% burned location (ATDC) 7.5 7.8 
 
 
6.5.2 GT-Power Model Validation 
The experiment data used for validation is the intake temperature sweep, which 
ranges from 75 degree to 135 degree Celsius.  The simulation data is compared with 
experiment data on diagonal plots, which means a diagonal straight line is the perfect 
match. 
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Figure 6.5 through Figure 6.8 show that simulation data has good agreement with 
the experiment data for the combustion efficiency and burning rate.  The combustion 
efficiency is slightly under predicting.   10% burned location has very good agreement , 
which means that the ignition delay does a good job of predicting ignition timing; then 
50% burned location is slightly over predicting and 90% burned location is a little more 
over predicting. 
 
6.5.3 Improvement over Marginal Combustion Prediction 
The improvement of this new combustion model over fixed value correlations 
used by Rausen [2004] and Shaver [2005] is in the area of marginal combustion and 
misfire.  The weakness of fixed combustion efficiency model is the lack of realistic 
prediction of combustion efficiency under late ignition timing conditions.  The 
simplification of the combustion efficiency can miscalculate the steady state engine 
operation range.  More importantly, impossible engine transients could go undetected 
under these simulations.  In short, traditional HCCI combustion models for control study 
have ignition timing as the only prediction of the combustion, and it is an on/off system. 
The strong coupling between the residual temperature and ignition timing makes 
HCCI combustion very intriguing.  The consequences of late ignition for one engine 
cycle can impact the next cycle in many ways.  If the combustion efficiency is good, the 
combustion temperature is higher due to later heat release, which advances the ignition 
timing of the next cycle; however, if the combustion efficiency goes lower, the 
combustion temperature drops, and the cylinder temperature drops too, and engine might 
get stalled.    Once combustion efficiency is fixed, the occurrence of ignition is the only 
prediction to make or break the combustion  
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To demonstrate the model’s improvement over fixed value model, comparisons 
are made at three distinctive engine transition conditions.  The intake mixing throttle 
angle changes from 30 degrees to 20 degrees at cycle number 20 to create a transition 
from high intake temperature to a slightly lower mixture temperature, which can delay 
the ignition timing. 
In Figure 6.9, the temperature for hot intake air is 500 Kelvin.  Both simulations 
have stable combustion after transition.  Despite the difference in the combustion 
efficiency, both simulations have stable ignition timing and combustion efficiency after 
the transition. 
In Figure 6.10, the temperature for hot intake air is 495 Kelvin.  Fixed value 
model has stable combustion after transition; while new model has oscillation in 
combustion efficiency and ignition timing.  In this comparison, the ignition timing is in 
the vicinity of the critical ignition timing, so oscillation in combustion efficiency is 
present for the new model. 
In Figure 6.11, the temperature for hot intake air is 490 Kelvin.  Fixed value 
model has stable combustion after transition; while new model misfires.  This is a 
situation where the knock integral barely reaches unity.  The fixed model can still survive 
since combustion efficiency is still 100%; while the new model dies out due to very poor 
combustion efficiency. 
This series of comparison demonstrate that the old fixed combustion efficiency 
and burning duration model can operate the model engine in unrealistic region, thus it 





Figure 6.1 – GT-Power model map of UM engine 
 
 
Figure 6.2 – GT-Power user subroutine interface 
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Crank Angle [Degree ATDC]  
Figure 6.4 - Pressure comparison for calibration point between GT-Power model 


























Combustion Efficiency (Experiment)  
Figure 6.5 - Combustion efficiency validation comparison between GT-Power model 




























10% Burned Location (Experiment)  
Figure 6.6 - 10% burned location validation comparison between GT-Power model 



























50% Burned Location (Experiment)  
Figure 6.7 - 50% burned location validation comparison between GT-Power model 

























90% Burned Location (Experiment)  









































Engine Cycle Number  
Figure 6.9 - Comparison between fixed value model and new combustion 








































Engine Cycle Number  
Figure 6.10 - Comparison between fixed value model and new combustion 








































Engine Cycle Number  
Figure 6.11 - Comparison between fixed value model and new combustion 




HCCI TRANSIENT STUDY 
Among all the challenges to HCCI implementation, the most difficult one is the 
ignition timing control.  As demonstrated in the previous chapters, many factors can 
affect ignition timing.  These factors take effect in a wide spectrum of frequency.  For 
example, sudden increase of fuel quantity can take effect within a couple of cycles for its 
equivalence ratio impact; while its effect on ignition timing by  engine wall temperature 
change won’t take effect until much later.  The fact that many variables affects ignition 
timing and they work in different timings makes ignition timing control extremely 
difficult.  The important factors regarding ignition control mechanism are timing and 
range. 
Timing measures the duration from the change of actuator to the actual effect take 
place.  Obviously, shorter timing is desired.  Range measures the extents that ignition 
timing can be changed from the two end values of actuator.  This can be limited by the 
physical dimension and other engine operating and performance constraints. 
 The GT-Power engine model with new HCCI correlations developed in this 
research work provides an engine simulation capable of more realistic misfire prediction, 
thus provides more credible evaluation of control strategy. 
Residual gas reuse has been a popular approach for heating up the cylinder charge 
to assist ignition.  However, this approach has fairly large temperature and composition 
gradients.  The correlations developed with KIVA-MZ are under relatively homogeneous 
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conditions.  The correlations won’t be able to capture the effects caused by severe non-
homogeneity.  Thus, in the strategy analyzed below, engine is running at relatively low 
residual fraction. 
The objective of this chapter is to investigate the characteristics of a specific 
control strategy.  First, the control concept is introduced, and then steady state operations 
data is obtained.  Finally, engine transient operation is examined. 
 
7.1 Tow Stage Temperature Control Engine 
A model engine is built within GT-Power framework.  The simulation engine uses 
most of the configuration of the UM HCCI engine except the valve train.  Solenoid 
valves are used instead of rebreathing valves to give flexible control of intake valve 
closing timing.  Figure 7.1 shows the schematic of the engine model.  The two streams of 
air mix together before the fuel supply (Figure 7.2). 
The ignition timing control is not through residue trapping, instead, there are two 
mechanisms to regulate the cylinder temperature: intake mixing valve and variable intake 
valve closing timing.  Intake mixing valve is used to regulate the intake air temperature, 
and variable intake valve closing timing is used to control the effective compression ratio. 
The idea to use the combination of intake temperature and effective compression 
ratio is from the KIVA parametric study.  The intake temperature and compression ratio 
are the two most important factors for ignition timing.  However, the responds timings of 
intake temperature change by mixing valve may not quick enough for engine transient.  
To compensate for the response timing, effective compression ratio can be achieved by 
varying the intake valve closing timing. 
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7.1.1 Intake Mixing Valve 
The intake mixing valve regulates two streams of intake air with different 
temperatures.  One is at ambient temperature with ambient pressure; the other is at 500 
Kelvin with higher pressure.  The mixing valve is on the high temperature side since this 
stream has higher pressure.  Fully closing this valve turns this engine system back to 
normal aspiration intake system.  The valve opening angle is the main parameter 
determining the flow rate from the high temperature stream.  However, the pressure at the 
engine intake ports can not only influence the overall intake flow rate, but also the 
relative ratio of the mixture.  So the dynamics between the valve angle and the intake port 
vacuum can be a critical factor for the control of this type of engine. 
7.1.2 Variable Intake Close Timing 
Compression ratio is very important for HCCI engine, if not more important than 
in traditional diesel and gasoline engines.  The temperature requirement for auto ignition 
is achieved by piston compression.  There are two major ways to vary the piston 
compression heating on cylinder charger: geometrically and effectively. 
The definition of compression ratio is geometry based, and there are three ways to 
vary the geometric compression ratio: cylinder head, crank shaft, and piston.  Moving 
cylinder head or crank shaft up and down relative to each other can change the engine 
sweep volume, clearance volume, and their ratio.  Reactive piston can increase the 
clearance volume over the compression stroke.  All these geometric based methods 
involve complicated structure in the engine system, and are very expensive to implement. 
Other than geometric compression ratio, real compression heating to the cylinder 
charger also involves the valve timing.  Late intake valve closing can effectively reduce 
the compression heating, thus reduce the charge temperature.  In this chapter, the intake 
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valve closing timing is controlled by solenoid valve, and it is one of the two major 
control mechanisms. 
. 
7.2 Steady State Sensitivity Study 
The main focus of the study is to investigate the combustion characteristics of 
different combination of mixing angle and intake close timing under different engine 
speed and load conditions.  Under this study, the effective range of each control method 
is measured under certain engine operating conditions. 
There are two parts of the study.  First part presents results of two dimensional 
sweeps of mixing angle and intake closing timing.  This study is performed under two 
engine operating conditions: one with lower engine speed and leaner mixture; the other 
with higher engine speed and richer mixture.  Second part reveals the interactions 
between engine speed and mixing valve, which stands out in the study of the first part. 
7.2.1 Mixing Angle and Intake Closing Timing 
The effect of mixing angle and intake closing timing on combustion is 
investigated under two engine operating conditions.  One has engine speed set at 1000 
rpm, and air fuel ratio set at 65, the other with engine speed set at 2000 rpm and air fuel 
ratio set at 45. 
The mixing angle ranges from 5 degrees open to 75 degrees open with 5 degree 
increments.  At the fully close position, the engine is running with pure ambient air.  
With more valve opening, more hot air gets into the intake system.  Intake closing timing 
varies from BDC to 60 degrees after BDC with 10 degree increments.  In this study, “0 
degree” is assigned to gas exchange TDC.  So gas exchange BDC is 540 in crank angle 
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measurement (-180 is the same as 540 as cycle period is 720).  Table 7.1 lists the engine 
geometry: 
Table 7.1 - Simulation engine parameters 
Engine Bore (mm) 86 
Engine Stroke (mm) 94.6 
Connecting Rod Length (mm) 152.2 
Compression Ratio 14 
TDC Clearance Height (mm) 1 
Intake Valve Diameter (mm) 34.5 
Exhaust Valve Diameter (mm) 31 
 
It is a single cylinder engine with two intake valves and two exhaust valves.  Two 
streams of intake air merges together before fuel injector delivering the fuel based on air 













Table 7.2 - Input parameters for two different speed cases 
Profile Low speed, lean mixture High speed, rich mixture 
Engine Speed 1000 2000 
Air to Fuel Ratio 65 45 
Mixing Angle 5~75 5~75 
Intake Valve Close 540~600 540~600 
Intake Valve Open 350 350 
Exhaust Valve Close 370 370 
Exhaust Valve Open 170 170 
Intake Temperature (ambient) 300 (K) 300 (K) 
Intake pressure (ambient) 0.95 (Bar) 0.95 (Bar) 
Intake Temperature (hot) 500 500 
Intake Pressure (hot) 1.25 1.25 
Exhaust Temperature 750 750 
Exhaust Pressure 1.006 1.006 
 
The effect of mixing angle is obvious, as more opening introduces more hot air in 
the cylinder.  The range of this control method can vary the intake temperature from 300 
K to near 500 K.  This can effectively shift the ignition timing by a large extent. 
The range of intake valve closing timing is from 540 to 600, which is 
corresponding to effective compression ratio from 14 to 10.75. 
Figure 7.7 shows characteristics of ignition timing map for low engine speed case.  
It is found that the effect of mixing angle gets saturated right after 20 degrees.  More 
opening of the mixing valve won’t bring more hot air into the cylinder.  On the other 
hand, the effect of intake valve close timing has very significant contribution to ignition 
timing over its whole range. 
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Figure 7.5 shows different characteristics of ignition timing than Figure 7.7.  
Mainly, the effective range of mixing angle has been expanded into wider range.  Not 
like the low engine speed case, continuous opening of the mixing angle introduces more 
hot air to advance the ignition timing. 
Figure 7.4 and Figure 7.6 show that the volumetric efficiency of both cases, which 
is consistent with ignition timing observation.  More mixing valve opening generally 
reduces the volumetric efficiency since the intake air gets hotter and less dense in density.  
Again, the low speed case reaches saturation point around 20 degrees, where further 
opening of mixing valve won’t have effect on the flow rate of individual stream of intake. 
7.2.2 Engine Speed and Mixing Angle Interaction 
As apparent from the previous section, the effect of intake close timing is fairly 
stable by itself, but the interaction between engine speed and mixing angle is very strong, 
higher engine speed expands the effective range of mixing angle on ignition timing. So a 
study covering wider range of engine speed is performed. 
In the following study, intake valve close timing is fixed at 560, which is 20 
degrees ABDC. 
Three air fuel ratio cases are investigated with variations of engine speed and 
mixing angle. 
Figure 7.7 shows the interactions between engine speed and mixing angle on 
ignition timing with air fuel ratio around 45.  At the low speed end, when engine speed is 
lower than 1500, there’s a saturation point where more mixing angle won’t introduce 
more hot air.   The saturation point is about 10 degrees for 500 rpm, and 20 degrees for 
1000 rpm.  At the high speed end, the lines for 2500 and 3000 rpm are significantly 
closer than other neighboring lines, so there’s also a speed saturation point.  Before 
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engine speed hits the saturation point, increasing engine speed always improves low 
pressure ambient intake. 
Figure 7.8 and Figure 7.9 show the similar patterns except the effective range of 
mixing angle is shorter at higher engine speed.  With leaner mixture, the minimum 
mixing angle to avoid misfire is increased. 
 
7.3 Single Step Transient Study 
In order to examine the relative response times of each parameter in this engine 
system, single step change study is performed.  Temperature measurements are made 
right before intake valve.  By measuring the temperatures of this spot, the dynamic 
effects of engine speed, load, mixing angle, and intake valve closing timing can be better 
reviewed. 
For each parameter, two step changes is made with one upward step and one 
downward step.  
7.3.1 RPM Step Change 
GT-Power simulation is used to capture the transitions between two engine 
speeds: 1000 rpm and 2000 rpm.  For the engine speed step change, the mixing angle is 
fixed at 30 degrees, air fuel mixture is fixed at 45, and intake valve close timing is fixed 
at 20 degrees ABDC. 
For both upward and downward step change, the transition happens between 20th 
and 21th engine cycle. 
As shown in Figure 7.10 and Figure 7.11, change of engine speed creates a peak 
immediately, and then it stabilizes after several cycles.  The peak is opposite in the 
direction of the stabilized trend of engine speed effect.  This transition study reflects the 
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observation in Figure 7.8, which says that higher engine speed creates higher vacuum to 
enhance the low pressure intake.  Both results are apparent in the transition study. 
7.3.2 Air Fuel Ratio Step Change 
Air fuel ratio step change switches value between 45 and 55.  The mixing angle is 
fixed at 30 degrees, engine speed is fixed at 2000, and intake valve close timing is fixed 
at 20 degrees ABDC. 
The main effect of equivalence ratio is based on two factors: one is the chemical 
kinetics effect on ignition; the other is the combustion temperature effect on the intake 
system.  Both upward and downward transitions (Figure 7.12 and Figure 7.13) show very 
small variations in ignition timing. 
7.3.3 Mixing Valve Angle 
Mixing valve shifts between 20 degrees and 30 degrees.  The air fuel ratio is fixed 
at 45, engine speed is fixed at 2000, and intake valve close timing is fixed at 20 degrees 
ABDC. 
The effect of mixing valve is quite simple.  It is all about the temperature of the 
intake.  The responds time is about 6 or 7 cycles for both upward and downward shifts 
(Figure 7.14 and Figure 7.15).  This cycle value is mainly determined by the total volume 
of the intake system.  Larger volume the intake system is, longer the response time is. 
7.3.4 Intake Valve Close Timing 
Intake valve close timing shifts between 10 degrees ABDC and 30 degrees 
ABDC.  For mixing angle step change, the air fuel ratio is fixed at 45, engine speed is 
fixed at 2000, and mixing valve angle is fixed at 30 degrees. 
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Again, Figure 7.16 and Figure 7.17 show that immediate respond is in active, the 
immediate overshoot is caused by the immediate change of effective compression ratio.  
The stabilized value is based on the reduced vacuum been build up with delayed close 
timing. 
7.3.5 Summary of Two Stage Temperature Control Strategy 
The time delay of the mixing valve is determined by the total volume in the intake 
system.  Larger volume has longer delay.  In the same time, the interaction between the 
mixing valve and engine speed is quite complicated.  When engine speed is very low, the 
overall flow rate is low, and the pressure difference between the high pressure steam and 
the cylinder is comparable to the difference between the high pressure steam and the low 
pressure steam.  So the opening angle of the mixing valve almost has no effect on the 
flow rate.  On the other hand, when the engine speed is very high, the flow rate is 
proportional to the valve opening.  However, the engine speed itself reachs certain limit 
that higher engine speed cannot enhance the flow rate further. 
The intake valve closing timing is a viable method to stabilize HCCI transition 
process because of its quick response.  There are two major mechanisms that intake valve 
closing timing can affect HCCI combustion.  One is the effective compression ratio; the 
other is its effect on engine vacuum.  Effective compression ratio takes effect 
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MIX ANGLE [Degree]  
Figure 7.3 - Ignition timing map with variations of intake valve close timing and 
































MIX ANGLE [Deg]  
Figure 7.4 – Volumetric efficiency map with variations of intake valve close timing 




































MIX ANGLE [Deg]  
Figure 7.5 - Ignition timing map with variations of intake valve close timing and 































MIX ANGLE [Deg]  
Figure 7.6 – Volumetric efficiency map with variations of intake valve close timing 



































Mix Angle [Degree]  
Figure 7.7 - Ignition timing map with variations of engine speed and mixing 


































Mix Angle [Degree]  
Figure 7.8 - Ignition timing map with variations of engine speed and mixing 



































Mix Angle [Degree]  
Figure 7.9 - Ignition timing map with variations of engine speed and mixing 
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CONCLUSIONS AND SUGGESTIONS 
In the chapters above, the relationship between ignition timing and rate of heat 
release is investigated using CFD simulation tool KIVA-MZ with fully integrated 
chemical kinetics.  The dominance of ignition timing on combustion rate is demonstrated.  
Other parameters’ effects on heat release are also examined, both with the same intake 
temperature and the same ignition timing.  Utilizing the KIVA results, correlations are 
developed for HCCI combustions.  These correlations are implemented into GT-Power, a 
commercial engine simulation software.  This new 1-D simulation tool is utilized for a 
control strategy study. 
 
8.1 Summary and Conclusions 
Because of the lack of direct control of ignition timing on HCCI engine, the 
requirement of control study on HCCI engine is far more than the requirement of any 
other conventional engine.  Typical engine control study involves thousand of engine 
cycles, which demands a very efficient engine simulation.  Current HCCI combustion 
models are based on very simple formations.  The ignition timing is predicted by a knock 
integral equation.  Then prefixed combustion efficiency and burning duration values are 
applied if the ignition does occur.  Overall, current correlations are an “on” and “off” 
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systems according to ignition.  In reality, earlier ignition leads to more complete 
combustion and shorter burning duration; later ignition results in less complete 
combustion and longer duration.  In current literature, there’s no HCCI combustion 
correlation that accounts for the variability of combustion efficiency and burning duration 
according to ignition timing. 
The significance of ignition timing on combustion rate in HCCI engine is obvious 
from varies experimental data.  However, ignition timing itself is not enough to correlate 
combustion efficiency and burning duration.  What are the other variables? How are they 
determined? What are the structures for the correlations?  These questions are solved by 
using CFD simulation tool KIVA-MZ.  The engine model only calculates the closed part 
of the engine cycle. 
Each engine design and operation variable goes through two or more sets of 
sweep studies.  For each set of study, each of the variable under study gets an intake 
temperature swept.  These studies can not only reveal how one variable can affect the 
combustion as a whole, but also give information on how it affects combustion efficiency 
and burning rate at similar ignition timing 
Intake temperature is a unique variable because its effect on combustion is purely 
depended on its influence on ignition timing.  So intake temperature can be used as a 
compensator to ensure similar ignition timing out of two cases when comparing two 
values of another variable. 
Sweep studies of 9 engine design and operation variables show that each of them 
changes ignition timing more or less, thus combustion efficiency and burning duration.  
In general, earlier ignition case has faster and more complete combustion.  Individual 
case is discussed in the following. 
Equivalence ratio comparison shows some counter-intuitive results.  Under the 
same intake temperature, leaner mixture has much stronger combustion.  The reason is 
that leaner mixture has higher gamma value, thus reaches higher compression 
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temperature, which leads to earlier ignition.  The advanced phasing of leaner mixture 
helps reach higher peak pressure; however, richer mixture still has higher peak 
temperature.  When comparing two equivalence ratio cases with similar ignition timing, 
the trend is reversed.  Richer mixture has much faster combustion and it has higher 
pressure and temperature. 
Engine load is investigated under the same equivalence ratio to eliminate the 
known effect of equivalence ratio.  The focus is solely on the effect of fuel quantity.  
Under the same intake temperature condition, the higher load case has earlier ignition and 
faster combustion.  With the same equivalence ratio, more fuel means more air, so the 
initial pressure is higher for the higher load case.  However, when comparing two load 
cases with similar ignition timing, the combustion progress is very close. 
EGR gas, residual gas, or more straightforward, combustion product gas is used to 
reduce combustion temperature in diesel engine.  In this study, initial pressure is 
maintained at constant and fresh air is replaced with EGR gas.  Higher EGR gas has 
smaller value of gamma and lower concentration of oxygen, so the higher EGR case has 
later ignition timing, thus slower combustion.  The study under the same ignition timing 
reveals that gamma value and oxygen concentration only have significant effect on 
ignition timing itself, but not the whole combustion process. 
Engine speed is quite complicated to analyze because the result is a tradeoff of 
two counteracting factors.  Lower engine speed allows more time for heat loss to the 
cylinder wall, but at the same time, it allows more time for chemical reaction.  Under 
current study, the lower engine speed case has earlier ignition, which seems that chemical 
reaction time is the more dominating force.  Under similar ignition timing, the advantage 
of slower engine speed allowing more reaction time is even more obvious.  
Cylinder wall temperature and swirl number are studied together.  As expected, 
higher wall temperature and lower swirl number result in earlier ignition because of less 
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heat loss to the wall.  This is also true when comparing under similar ignition, higher wall 
temperature and lower swirl case ends up with faster combustion. 
Overall, piston geometry doesn’t cause high degree of variation on ignition and 
combustion rate.  But there’s apparent difference in peak heat release rate.  Pancake 
chamber has higher peak heat release rate, while bowl shape has a double hump and 
lower peak heat release rate.  This implies that because of simple geometry, pancake 
combustion chamber has more uniform temperature distribution, while bowl in piston 
shape chamber have multiple local temperature maxima. 
Crevice volume can have very big impact on ignition and combustion.  First of 
all, the combustion efficiency is highly correlated to the crevice volume since most 
mixture trapped in the crevice won’t react and combust.  With the same intake 
temperature, smaller crevice volume has earlier and faster combustion.  With similar 
ignition timing, the combustion rate is comparable despite of difference in combustion 
efficiency. 
Compression ratio is by far the biggest difference maker.  There’s no comparison 
with the same intake temperature because the reasonable intake temperature ranges for 
both cases don’t overlap.  The comparison with similar ignition shows that combustion 
rate is comparable.  With higher compression ratio, the combustion rate is a little faster.  
This advantage gets diminished when ignition timing is closer to TDC.  The explanation 
is that higher compression ratio case has higher effective compression from the point of 
ignition to TDC. 
 
8.2 Suggestions for Future work 
This dissertation work provides the foundation for future research on simulation 
study of HCCI engine control.  The combustion efficiency and burning duration 
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correlations provide realistic behavior of misfire and combustion rate, yet high 
computational efficiency.  The future work will involve both improvement on the 
correlations and applications of these correlations: 
• For engines with different degree of composition heterogeneity, the relationship 
between ignition timing and subsequent combustion process will be different.  KIVA-MZ 
will be employed to understand the phenomena and quantify a variable to represent 
composition heterogeneity.  The added composition heterogeneity variable will be 
examined by the same methodology applied in this work and implemented into the 
correlations. 
 • Integrate the combustion correlations into GT-Power engine model with 
transient cylinder wall thermal network and cooling system.  This will provide accurate 
prediction for transient HCCI engine operation. 
 • Evaluate varies HCCI control concepts, including turbo-charged dual model 
HCCI engine.  With variable valve timing and throttle valve controlling the mixture of 
ambient air and charged air, combustion phasing can be controlled by altering both the 
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